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INTRODUCTION 

Membrane-type  1  matrix  metalloproteinase  (MT-MMPs),  a  m^ber  of  &e  MMP  family  of 
proteinases,  has  been  implicated  in  the  invasive  and  metastatic  potential  of  a  variety  of  human  malig¬ 
nancies,  including  mammary  carcinoma  [1-4]  Unlike  the  other  members  of  the  matrix  metalloproteinase 
(MMP)  family,  which  are  secretory  proteins,  MTl-MMP  is  a  transmembrane  proteinase  with  the  cata¬ 
lytic  domain  exposed  on  the  cell  surface  and  a  short,  20  amino  acid  cytoplasmic  domain  [5].  On  the 
mraibrane  of  a  variety  of  cell  types  including  tumor  cells  MTl-MMP  forms  a  tri-molecular  complex 
with  MMP-2  and  its  physiological  inhihitor,  the  tissue  inhibitor  of  metalloproteinases-2  (TIMP-2)  [6]. 
In  this  complex  the  N-  terminal,  inhibitory  domain  of  TIMP-2  directly  interacts  with  the  catalytic  site  of 
MTl-MMP.  The  C-terminal  domain  ofTIMP-2  hinds  the  C-terminaL,  hemopexin-like  domain  of  MMP- 
2.  Thus,  MTl-MMP  acts  as  a  membrane  binding  site  for  MMP-2*TIMP-2  complex  (Fig.  1). 

Binding  of  the  enzyme-inhibitor  complex  to  MTl-MMP  is  required  for  MMP-2  activation  [6]. 

MMP-2  interaction  with  MTl-MMP  has 
analogy  to  the  high-affinity  binding  of 

FIG.  1.  MTl-MMP  •  TiMP-2  •  MMP-2  complex  urokinase  plasminogen  activator  (uPA)  to 

its  cell  membrane  receptor  (uPAR)  [7].  uPA 
and  uPAR  have  also  been  imphcated  in  the 
invasion  and  metastasis  of  a  variety  of  tu¬ 
mors  including  breast  carcinoma  [8-11]. 
Although  uPAR  is  not  a  transmembrane 
protein  [7,  12],  binding  of  uPA  generates 
intracellular  signals  that  control  cell  func¬ 
tions  including  migration  and  proliferation 
through  mechanisms  independent  of  the 
proteolytic  activity  of  uPA  [13, 14].  Other 
transmembrane  proteins  with  short  cyto¬ 
plasmic  domains  similar  to  MTl-MMP  - 
the  integrins  -  also  generate  intracellular  signals  following  interaction  with  thdr  extracellular  ligfflids 
[15, 16].  Based  on  these  analogies,  we  hypothesized  that  MTl-MMP  binding  of  TIMP-2  generates 
intracellular  signaling  through  interaction  of  the  cytoplasmic  domain  of  MTl-MMP  with  signaling 
proteins,  and  thus  regulates  cell  functions  involved  in  breast  cancers  progression  (Fig.  2). 


SIGNAL  TRAPISDUCTION 
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Generation  of%reast  carcinoma  cells  that  express  MTl-MMP  nnder  cdhtrol  by  tihe  tetracycline 
resistance  promoter 


To  test  our  hypothesis  we  constructed  an  inducible  expression  system  for  modulating  MTl-MMP  ex¬ 
pression  in  breast  cancer  cells.  Human  MCF-7  breast  carcinoma  cells  stably  transfected  with  a  cDNA 
for  the  tetracycline-controlled  transactivator  (Tet-On  and  Tet-Off;  Clontech)  were  cotransfected  with 
MTl-MMP  cDNA  in  the  pTRE  vector  (Clontech)  and  with  the  pTRElhyg  hygromycin  resistance  vec¬ 
tor  (Clontech)  in  both  Tet-On  and  Tet-OfiF  MCF-7  cells.  Pools  of  hygromycin-resistant  cells  expanded 
in  culture  were  subcultivated  overnight  in  the  absence  or  in  the  presence  of  1  pg/ml  of  doxycycHne,  and 
characterized  for  MTl-MMP  expression  by  RT-PCR  (not  shown)  and  by  Western  blotting  (P^.  3). 
Consistent  with  previous  reports,  multiple  forms  of  MTl-MMP  with  M^s  60,000,  58,000  and  43,000 
were  detected  by  Western  blotting  of  cell  extracts.  The  60,000  band  is  consistent  witii  the  size  of  active 
MTl-MMP.  The  58  kD  immunoreactive  protein  represents  an  activation  product  of  MTl-MMP;  the  43 
kDa  band  a  degradation  product  of  MTl-MMP.  Several  transfected  cells  lines  were  identified,  whose 
levels  of  MTl-MMP  can  be  regulated  by  either  addition  (Tet-On)  or  removal  (Tet-Off)  of  doxycycUne 
in  the  culture  medium  (Fig.  3). 


M  On  On  Off  Dff 

M  i  I  \  i  t 

DOX  ^  •  t  >•  + 


Fig.  3.  The  indicated  pools  of  MTl-MMP 
cDNA-transfected  Tet-On  and  Tet-Off  MCF-7 
cells  were  grown  for  24  h  in  the  presence  ( +)  or 
in  the  absence  (-)  of  1  pg/ml  of  doyycycline 
(DOX).  TritonX-100  cdl  extract  protein  (40 
was  electrophoresed  in  a  reducing  SDS-10% 
polyacrylamide  gel,  and  analyzed  by  Western 
blotting  with  antibotfy  to  the  hinge  regain  of  hu¬ 
man  MTl-MMP  ( Chemicon).  Antigen-antibody 
complexes  were  evidenced  with  the  ECL  detec¬ 
tion  solution  (Roche).  Molecular  masses  are 
shown  in  kDa  on  the  right. 


As  reported  by  other  autiiors  [17],  our  MCF-7  cell  transfectants  did  not  produce  MTl-MMP  norMMP- 
2  (data  not  shown),  and  secreted  very  low  amoimts  of  TIMP-2  in  the  culture  medium  (data  not  shown). 


MTl-MMP  expression  and  TlMP-2  binding  induce  Ras  and  ERKl/2  activation  with  a  dose- 
dependent  effect 

We  then  tested  the  effect  of  MT 1  -MMP  expression  on  Ras  and  ERKl/2  activation  in  the  absence  and  in 
the  presence  of  exogenous,  human  native  or  recombinant  TIMP-2.  The  results  showed  that  MTl-MMP 
e3q)ression  induced  Ras  activation.  Addition  of  TIMP-2  (100  ng/ml)  resulted  in  r^id  (5  min)  Ras 
activation  both  in  cells  that  expr^sed  and  in  cells  that  did  not  express  MTl-MMP.  However,  this  effect 
was  transient  and  could  not  be  detected  after  30  min  firom  addition  of  TIMP-2;  Ras  activation  being 
maintained  only  in  cells  that  expressed  MTl-MMP  (Fig.  4). 
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Fig.  4.  Pool  2  Tet-OffMCF-7  cells  (Fig. 
3)  were  grown  for  24  h  in  the  presence  or 
in  the  alienee  of  1  pg/ml  of  doxycycline. 
At  the  ermofthe  incubation  the  ceUs  were 
MTl-MM?  •  +  -  ^  -  +  *  MVTWi  treated  for  the  indicated  times  with  100 

^  ng/ml  ofTIMP-2.  Triton  X-1 00  cell  extract 

protein  (800  pg)  was  characterized  for 
active  Ras  by  affinity  precipitation  with  5 
pi  of  agarose-bound  Rqf-1  (Ras-binding 
domain),  and  subsequent  immunoblotting 
analysis  of  the  precipitate  with  pan¬ 
isoform  specific  Ras  antibody  (Upstate 
Technology).  Antigen-antibody  complexes 
were,evidenced  with  the  ECLdetection  so¬ 
lution  (Roche).  MTl-MMP  expression  (+ 
or  -),  indicated  on  top,  refers  to  samples  incubated  in  the  absence  or  in  the  presence  of doxycycline,  respectively. 
The  blot  was  probed  with  antibody  to  ff-actin  as  a  control  for  equal  loading.  Comparable  results  were  obtained 
with  Tet-On  cells. 

MTl-MMP  expression  resulted  in  weak  activation  of  ERKl/2.  Addition  of  TlMP-2  (100  ng/ml)  to  the 
culture  medium  induced  a  rapid  and  transient  (5-15  min)  increase  in  ERKl/2  activation.  This  effect 
was  stronger  in  cells  that  expressed  than  in  cells  that  did  not  express  MTl-MMP.  No  ERKl/2  activa¬ 
tion  was  detected  in  MT1-MMP+  or  MTl-MMP-  cells  30  min  ^er  addition  of  TIMP-2  (Fig.  5). 
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Fig.  5.  MTl-MMP  Tet-On  MCF-7  cells 
grown  for  24  h  in  the  presence  of  1  pg/ml 
of  doxycycline  were  treated  with  purified 
TIMP-2  (100  ng/ml)  for  the  indicated  time. 
Triton-X  100  cell  extract  protein  (40  pg) 
was  electrophoresed  in  reducing  SDS-1 0% 
polyacrylamide  gels,  and  analyzed  by 
Western  blotting  with  antibodies  to  phos- 
phorylated  ERKl/2  (pERKl/2)  and  total 
ERKl/2  (ERKl/2)(Cen  Signaling).  Anti- 
gen-antibody  complexes  were  evidenced 
with  the  ECL  detection  system  (Roche). 


To  characterize  the  relative  contribution  of  MTl-MMP  and  TIMP-2  to  ERK  activation  MTl-MMP  Tet- 
On  transfectants  were  incubated  with  increasing  concentrations  of  doxycycline  (0  to  1  pg/ml).  This 
treatment  induced  MTl-MMP  expression  and  ERKl/2  activation  in  a  dose-dependent  manner.  Addi¬ 
tion  of  purified  'nMP-2  (100  ng/ml)  to  the  culture  medium  enhanced  ERKl/2  activation  (Rg.  6  A). 
Addition  of  doxycycline  (1  pg/ml)  to  MTl-MMP  Tet-Off  transfectants  abolished  both  MTl-MMP 
expression  and  ERKl/2  activation  (Fig.  6  B),  showing  that  ERKl/2  activation  did  not  result  from  a 
nonspecific  effect  of  doxycyxline. 
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Fig.  6.  A.  MTl-MMP  Tet-On  MCF-7  cells  were  grown  for  24  h  in  the  presence  of  the  indicated  concentrations 
of  doxycycline  (D02Q.  At  the  end  of  the  incubation  the  cells  were  treated  with  purified  TIMP-2  (100  ng/ml)  or 
with  control  medium  for  15  min  at  57°  C.  Triton-X  100  cell  extract  protein  (40  electrophoresed  in 

reducing  SDS-10% polyacrylamide  gels,  and  analyzed  by  Western  blotting  yvith  antibodies  to  either  the  hinge 
region  of  human  MTl-MMP  (Triple  Point  Biologies),  ortophosphorylatedERKl/2  (pERKl/2)  or  total  ERKl/2 
(ERKl/2)(Cell  Signaling).  Antigen-antibody  complexes  were  evidenced  with  the  ECL  detection  system  (Roche). 
MTl-MMP  Tet-Off  tranfectants  were  grown  for  24  h  in  the  absence  (-)  or  in  the  presence  (+)  of  1  pg/ml  of 
DOX.  Forty  pg  of  cell  extract  was  analyzed  by  Western  blotting  with  anti-phosphoERKl/2  and  anti-total  ERKl/ 
2  antibodies  as  described  above. 


to  another  set  of  experiments  increasing  concentrations  of  TIM?-2  (0  to  300  ng/ml)  were  added  to  the 
culture  mediimi  of  cells  that  either  expressed  or  did  not  express  MTl-MMP,  and  both  cell-associate 
TIMP-2  and  active  ERKl/2  were  characterized.  The  results  showe  that  this  treatment  upregulate 
both  cell-associate  TIMP-2  and  ERKl/2  activation  in  a  dose-dependent  maimer  in  cells  that  e^resse 
but  not  in  cells  that  did  not  express  MTl-MMP  (F^.  7). 
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Fig.  7.  MTl-MMP  Tet-Off  MCF-7 
cells  grown  for  24  h  in  the presence 
or  in  the  absence  of  1  p^ml  of 
doxycycline  (DOX),  were  treated 
with  the  indicated  concentrations  of 
purified  T3MP-2for  15  ndn.  Triton 
X-100  cell  extract  protein  (40-  80 
pg)  was  characterized  for  active 
ERKl/2  (pERKl/2)  andTlMP-2  fy 
Western  blotting  with  antibodies  to 
phosphorylated  or  total  ERKl/2 
(Cell  Signaling)  and  to  TIMP-2 
(Chemicon).  Antigen-antibody 
complexes  were  evidenced  with  tke 
ECL^  detection  system 
(Roche). 
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To  test  the  specificity  of  TIMP-2  in  activating  intracellular  signaling,  we  analyzed  the  effect  of  TIMP- 
1,  which  does  not  inhibit  and  binds  to  MTl-MMP  with  a  much  lower  affinity  than  TIMP-2  [19].  In 
addition,  we.tested  whether  chemical  reduction  of  TIMP-2,  which  destrojjs  its  MMP  inhibitory  activity, 
would  also  affect  the  edacity  of  this  inhibitor  to  activate  intracellular  signaling.  The  results  (Fig.  8) 
showed  that  addition  of  purified  TIMP-1  to  the  culture  medium  of  MTl-MMP-expr^sing  cells  did  not 
activate  ERKl/2  but  actually  decreased  the  level  of  active  ERKl/2  in  both  MTl-MMP  expressing  and 
non-expressing  cells.  In  contrast,  chemically  reduced  TIMP-2  showed  a  stronger  effect  than  native 
TIMP-2  and  also  induced  ERKl/2  activation  in  cells  that  did  not  express  MTl-MMP.  This  finding  is 
consistent  with  previous  reports  showing  that  TIMP-2  devoid  of  inhibitory  activity  retains  its  capacity 
to  induce  cell  proliferation  [20, 21]. 

Fig.  8.  A.  MTl-MMP  Tet-OffMCF-  7 
cells  grown  for  24  h  in  the  presence 
or  in  the  absence  of  1  fjg/ml  of  doxy- 
cycUne  (DOX),  were  treated  with  100 
ng/nl  of  purified  TIMP-2  or  UMP-l 
for  15  min.  Triton  X-100  cell  extract 
protein  (40  -  80  pg)  was  character¬ 
ized  for  active  ERKl/2  by  Western 
blotting  with  antibodies  to  phospho- 
rylated  or  total  ERKl/2  (Cell  Signal¬ 
ing)  and  to  TIMP-2  (Chemicon).  An¬ 
tigen-antibody  complexes  were  evi¬ 
denced  with  the  ECL  detection  sys¬ 
tem  (Roche).  'R.  Recombinant  UMP- 
2  wa5  incubated  with  0.1  M 
difruDtTEtol  ipTT)  at35’  C for  30 
min,  followed  by  incubation  with 
0.22  M  iodoacetate  for  20  min  at 
room  temperature  (check)  and  over¬ 
night  dialysis  V5. 30  mM  Tris-HCl,  5 
mM  CaCl2,  pH  7.8.  This  treatment  abolishes  the  MMP  inhibitory  activity  of  TJMPs  but  not  their  ability  to 
stimulate  fibroblast  growth  or  protect  cells  from  apoptosis  [20, 21].  MTl-MMP  Tet-OffMCF-7  cdls  grown  for 
24  h  in  the  presence  or  in  the  absence  of  1  pg/ml  of  doxycycline  (DOX)  were  treated  with  100  ng/nl  of  either 
native  or  reduced  TIMP-2  for  15  min.  ERKl/2  activation  was  characterized  as  described  above. 

InhibitioD  of  TlMP-2  binding  to  cell  membrane-bound  MTl-MMP  abolishes  ERKl/2  activation. 

We  speculated  that  the  observed  effect  of  TIMP-2  on  ERKl/2  activation  in  the  absence  of  MTl-MMP 
mi^t  be  mediated  by  binding  of  the  inhibitor  to  other  MT-MMPs  expressed  by  MCF-7  cells.  The  MT- 
MMP  class  of  MMPs  currently  comprises  sis  members  (MTl-  to  MT6-MMP).  By  RT-PCR  and  West¬ 
ern  blotting  analysis  (not  shown)  we  foimd  that  our  MCT-T  cells  express  .significant  amounts  of  both 
MT2-  and  MT5-MMP.  To  test  our  hypothesis  that  TIMP-2  binding  to  MT-MMP(s)  other  than  MTl- 
MMP  may  induce  ERKl/2  activation  we  tested  the  effect  of  reagents  that  compete  with  TIMP-2  for 
binding  to  the  MMP  catalytic  site.  Addition  of  recombinant,  soluble  catalytic  domain  of  MTl-MMP 
(Fig.  9  A)  or  of  Ilomastat  (Fig.  9  B),  a  low-MW  inhibitor  that  binds  to  the  catalytic  domain  of  MMPs, 
resulted  in  dose-dependent  decrease  of  cell-associated  TIMP-2  and  ERKl/2  activation  in  MTl-MMP 
expressing  cells.  The  highest  concentrations  of  soluble  MTl-MMP  or  Ilomastat  completely  abrogated 
cell-associated  TIMP-2  and  ERKl/2  activation,  showing  that  ERK  activation  in  MCF-7  cells  is  con¬ 
trolled  by  TIMP-2  binding  to  cell  surface-associated  MMPs. 


IlMP-2  UMP-l 


MTl-MMP 

fmsm 

ERK2 


-1  r 


-  +  -  -f  - 


kDu 

44 

42 


B 

MTl-MMP  - 

pERKl/2  ^ 
£RK2  m 


reduced 
T0IP-2  TIMP^2 


n  r 


kDa 

.u  44 
42 


8 


Fig.  9.  A.  MTl-MMP  Tet-OffMCF-7  cells  grown  for 
24  h  in  the  presence  or  ^  the  absence  of  1  f^ml  of 
doxycycline  were  treated  with  the  indicated  concen¬ 
trations  of  recombinant,  soluble  catalytic  domain  of 
MTl-MMP  for  15  min  at  S7°  C.  B.  MTl-MMP  Tet-cjf 
MCF-7  cells  grown  for  24  h  in  the  presence  of  1  pg/ird 
of  doxycycline  were  treated  with  the  indicated  con¬ 
centrations  of  Uomastat  for  15  min  at  37“  C.  At  the 
end  of the  incubation  the  cells  were  treated  for  15  min 
with  300  ng/ml  ofpurfied  TIMP-2.  Cell  extracts  were 
characterized  for  ERKl/2  activation  and  TIMP-2  as 
described  in  the  legend  to  Figs  7. 


The  cytoplasmic  tail  and  TIMP-2  binding  capacity  of  MTl-MMP  is  required  for  ERKl/2  activa¬ 
tion. 

To  investigate  die  mechanisms  of  signal  transduction  by  MTl-MMP  and  TIMP-2  we  characterized  the 
effect  on  ERKl/2  activation  of  mutations  in  the  ecto-  and  cytoplasmic  domains  of  MTl-MMP.  For  this 
purpose  we  used:  1)  a  mutant  with  a  complete  deletion  of  the  cytoplasmic  domain  (A563-582),  2)  a 
mutant  with  a  point  mutation  (E240A)  in  the  catalytic  domain  that  causes  loss  of  the  proteolytic  activ¬ 
ity,  and  3)  a  mutant  with  a  deletion  in  the  pro  domain  (A42-46)  that  abrogates  the  TIMP-2  binding 
capacity  ofMTl-MMP.  These  mutants  have  been  described  [22, 23]  and  were  provided  to  us  by  Drs.  S. 
Zucker  and  J,  Cao  (State  University  of  New  York  at  Stcmy  Brook,  School  of  Medicine).  Wild-type  and 
mutant  cDNAs  were  transiently  transfected  into  MCF-7  cells;  cell-associated  TIMP-2  and  ERKl/2 
activation  were  characterized  48  h  later.  The  results  showed  that  cells  expressing  the  MTl-MMP  mu¬ 
tants  did  not  bind  nMP-2  and  did  not  activate  ERKl/2  (Fig.  10). 


MU  MU  MTl  MEI 
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Fig.  10.  Wild-type  MTl-MMP  or  the 
indicated  were  transfected  into 
subconfluent  MCF-7  cells  in  24-well 
plates  using  1  of  the  constructs  or 

the  empty  vector  (pcDNA3)  and  3  fd  of 
^  44  Fugene  6.  Twenty-four  k  after  transfec- 

42  tion,  the  cells  were  incubated  with 
DMEM  containing  1%  FCS  for  addi- 
*—  ^  tioTuil  24  h.  After  overnight  incubation, 

100  ng/ml  of  purified  TIMP-2  was 
added  to  the  cells  for  15  min.  ERKl/2 
^  ^  activation.  TIMP-2  and  MTl-MMP 
were  characterized  by  Western  blotting 
of  cell  extracts  as  described  in  the  leg- 
'9-  0  ends  to  Figs.  6  and  7. 
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Comparable  levels  of  wt  and  mutant  MTl-MMP  wa^e  exposed  on  the  cell  membrane,  as  assessed  by 
surface  biotinylation  of  transfected  cells  (Fig.  11).  Therefore,  the  observed  inability  of  the  mutant  MTl- 
MMP  transfectants  to  bind  TIMP-2  were  not  because  the  mutated  MTl-^fMPs  were  not  expressed  on 
the  cell  membrane. 


Fig.  11.  MCF-7  cells  transected  with  wt  MTl-MMP  or  the  indi¬ 
cated  mutants  as  described  in  the  legend  to  Fig.  1 0  were  washed 
twice  with  cold  PBS,  and  incubated  at  4°Cfor  30  min  with  3-5  ml 
of  biotinylation  buffer  (bicarbonate  buffer,  pH  8.6;  Amersham) 
63  containing  40  pl/ml  of  biotin  ester  (Amersham).  At  the  end  of  the 

^  incubation,  the  cells  were  washed  twice  with  PBS  and  lysed  with 
Triton  X-100.  Cell  extracts  were  chromatographed  on  a  G-25  col¬ 
umn  to  remove  unreacted  biotin.  The  eluted  protein  was  run  in  an 
SDS  polyacrylamide  gel ,  blotted  to  a  nitrocellulose  membrane, 
and  incubated  at  22°C  for  1  h  with  horseradish  peroxidase-labeled 


streptavidin  (Amersham)  1:1500  as  described  [18].  Biotinylated  proteins  were  evidenced  by  addition  ofECL 


detection  solution. 


These  results  showed  that  ERKl/2  activation  requires  both  the  cytoplasmic  tail  of  MTl-MMP  and 
TIMP-2  binding  to  the  active  site  of  MTl-MMP  (and/or  possibly  other  transmembrane  MT-MMPs). 
This  conclusion  is  also  supported  by  our  finding  that  soluble  MTl-MMP  prevents  TlMP-2  binding  to 
the  cell  surface  and  ERKl/2  activation  (Fig.  9A). 

MTl-MMP  expression  and  TIMP-2  binding  enhance  ceD  proliferation. 

To  investigate  the  biological  significance  of  MTl-MMP/TIMP-2-mediated  intracellular  signaling  we 
characterized  the  effect  of  these  proteins  in  cell  proliferation,  migration,  apoptosis  and  proteinase  ex¬ 
pression,  cell  functions  involved  in  tumor  growth,  invasion  and  metastasis.  Induction  of  MTl-MMP 
expression  in  Tet-Off  or  Tet-Off  transfectants  strongly  iq>regulated  PCNA  expression  (Fig.  12)  and 
stimulated  cell  proliferation.  Addition  of  purified  TIMP-2  to  the  culture  medium  enhanced  this  effect 
(Fig.  13). 
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Fig.  12.  MTl-MMP  Tet-Off 
MCF-  7  cells  were  grown  for  24 
h  in  the  presence  (+)  or  in  the 
absence  (-)  of  1  pgfml  of  doxy- 
cycline  (DOX)  in  medium 
supplemented  with  the  indi¬ 
cated  concentrations  of  fetal 
calf  serum  (FCS).  At  the  end  of 
the  incubation,  Triton  X-100 
cell  extract protein  (40  pg)  was 
electrophoresed  in  a  reducing 
SDS-10%  polyacrylamide  gel, 
transferred  onto  a  nitrocellu¬ 


lose  membrane  and  hybridized 

with  antibodies  to  MTl-MMP,  and  subsequently  with  antibodies  to  PCNA.  Antigen-antibody  complexes  were 
evidenced  with  the  ECL  detection  solution  (Roche).  A  and  B  shw  two  independent  experiments.  Induction  of 
MTl-MMP  expression  in  Tet-Off  transfectants  strongly  upregulated  PCNA  expression  with  an  effect  compa¬ 
rable  to  that  of  serum. 
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Kg.  13.  MTl-MMP  Tet-On  or  Tet-Off  cells  were  seeded  into 
96-well  plates  (5000  cells /well)  the  presence  or  absence  of 
purified  TIMP-2  (100  ng/ml)  in  medium  stqtplemented  with 
0.5%  FCS.  Cell  number  was  measured  daily  with  the  MTT 
staining  method.  The  results  show  that  MTl-MMP  expression 
induces  cell  proliferation  both  in  MCF-7  Tet-Off  (top  pond) 
and  Tet-On  cells  (bottom  panel).  This  effect  is  enhanced  by 
addition  of  TIMP-2  (100  ng/ml).  In  the  absence  of  MTl-MMP 
and  TIMP-2  both  cell  lines  show  a  considerably  low  prolif¬ 
erative  activity. 


MTl-MMP- TIMP-2  interaction  stimnlates  cell  migration  and  proliferation  through  activation 
of  the  ERKl/2  pathway. 

Addition  of  TIMP-2  to  the  culture  medium  of  MTl-MMP  expressing  cells  stimulated  cell  migration  in 
a  dose-dependent  manner  but  had  no  effect  with  cells  that  did  not  express  MTl-MMP.  Miibition  of 
ERKl/2  activation  with  the  synthetic  iuhibitor  U0126  blocked  TIMP-2-induced  cell  migration,  low¬ 
ing  that  TIMP-2  -MTl-MMP  interaction  controls  cell  movement  through  activation  of  the  BRKl/2 
pathway  (Fig.  14  A  and  B).  Similarly,  inhibition  of  ERKl/2  activation  abolished  MTl-MMP/TIMGP-2- 
induced  stimulation  of  cell  proliferation,  as  assessed  by  PCNA  expression  (Fig.  15). 


■fMEl-MMP 


XIMP-2 


Rg.  14.  A  MTl-MMP  Tet-off MCF-7  cells  grown  for  24  h  in  the  presence  or  absence  of  l/.^ml  of doxycycline 
were  seeded  in  the  upper  compartment  of  Boyden  chambers  containing  8- pm  pore  PVP-free  polycarbonate 
membranes  (2.5x10*  cells/200 pi  qfDMEM  containing  0.5%  FCS).  The  indicated  concentrations  of purified 
TIMP-2  and  the  MEK  inhibitor  U0126  (10  pM),  were  added  in  the  tipper  compartment  of  the  chambers.  After  6 
h  incubation  at  37°  C,  migrated  cells  were  fixed  and  stained  (Diff-Quick  stain  kit).  B.  The  migrated  cells  were 
counted  with  a  light  microscope.  Mean  and  standard  deviation  of  triplicate  samples  from  a  representative  ex¬ 
periment  are  shown.  This  experiment  was  repeated  three  times  with  comparable  results. 
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Fig.  15.  MTl-MMP  Tet-off  MCF-7 
cells  grown  for  24  h  in  the  presence  or 
absence  of  If^/ml  of  doxycydine  were 
treated  with  purified  TIMP-2  or  an 
equivalent  volume  of  control  medium. 
A  set  of cultures  were  pretreated  for  1 0 
min  with  theMEKinhibitor  U0126 (1 0 
pM).  Triton  X-100  cell  extract  protein 
(40  /ig)  was  electrophoresed  in  a  re¬ 
ducing  SDS-10%  polyacrylamide  gel, 
blotted  onto  a  niPocdlulose  membrane 
and  hybridized  with  antibodies  to 
PCNA.  Antigen-antibody  complexes 
were  evidenced  with  theECL  detection 
solution  (Roche).  Beta-actin  is  shown 
as  a  control  for  equal  loading. 


MCF-7  cell  apoptosis  is  not  affected  by  MTl-MMP  or  TIMP-2 

Data  shown  in  our  previous  report  indicated  that  MTl-MMP  expression  induced  MQF-7  cell  apoptosis. 
These  data  were  not  confirmed.  Experiments  measuring  PARP  degradation,  a  mariner  of  apoptosis,  with 
two  different  antibodies  to  diis  protein  showed  no  apoptosis  in  MCF-7  with  or  without  expression  of 
MTl-MMP.  Similarly,  addition  of  TIMP-2  to  die  culture  medium  had  no  effect  on  MVF-7  apoptosis. 

Fig.  16.  Effect  of  Mn-MMP  ea  MCF-7  cell 
apoptosis.  MTl-MMP  Tet-Off  MCF-7  cdls 
(Fig.  3)  were  grown  in  the  presence  or  in  the 
absence  of  1  pg/ml  of  doxycydine  in  medium 
containing  either  10  %  or  1  %  fetal  calf serum 
(FCS).  After  24  h  incubation,  Triton  X-100  cdl 
extract  protein  (40  pg)  was  electrophoresed  in 
a  redudngSDS-10%polyacrylamidegd,  trans¬ 
ferred  onto  a  nitrocellulose  membrane  and 
hybridized  with  antibodies  that  recognize  d- 
ther  native  PARP  (PARP)  or  only  its  85-Wa 
degradation  product  (p85  PARP).  The  mem¬ 
brane  was  abo probed  with  anti-fi-actin  anti¬ 
body  as  a  control  for  equal  loading.  Antigen-antibotfy  complexes  were  evidenced  with  the  ECL  detection  solution 
(Roche).  MTl-MMP  expression  (-i  or  -),  irulicated  on  the  bottom,  refers  to  samples  incubated  in  the  absence  or 
in  the  presence  of  doxycydine,  respectively. 

MTl-MMP  expression  downregnlates  the  level  of  cell-associated  urokinase  plasminogen  activa¬ 
tor. 

To  investigate  potential  effects  of  MTl-MMP/TIMP-2-mediated  intracellular  signaling  on  other  cell 
fimctions  involved  in  tumor  invasion,  we  characterized  the  expression  of  urokinase  plasminogen  acti¬ 
vator  (uPA)  in  MTl-MMP  Tet-Off  transfectants  in  the  presence  or  absence  of  exogenous  TIMP-2.  id*A, 
a  serine  proteinase,  has  been  implicated  in  the  extracellular  matrix  degradation  that  occurs  in  a  variety 
of  tissue  remodeling  processes  including  tumor  invasion  [7].  Casein/plasminogen  zymogrqjhy  analy¬ 
sis  of  extracts  of  MTl-MMP  Tet-Off  transfectants  grown  in  the  presence  of  doxycydine  (i.e.  without 
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expression  of  MTl-MMP)  showed  a  55  kDa  lytic  band  that  was  absent  when  plasminogen  was  canitted 
in  the  gel  (Fig.  17  A).  This  observation  showed  diat  this  lytic  band  is  associated  with  a  plasminogen 
activator  whose  is  consistent  with  that  of  human  uPA  [7].  Induction  ^MTl-MMP  exp-^oa 
strongly  downregulated  die  level  of  uPA  associated  with  the  cell  extracts  and  tq>regulated  the  amount  of 
uPA  present  in  the  cell-conditioned  medium  (F^.  17  B).  Incubation  of  the  cells  with  Ilomastat  or  with 
U0126,  a  synthetic  inhibitor  of  ERKl/2  activation  dramatically  upregulated  the  level  of  cell-associated 
uPAboth  in  cells  that  expressed  and  in  cells  that  did  not  express  MTl-MMP.  Addition  of  TIMP-2  to  the 
culture  medium  did  not  modify  this  effect  (Fig.  17  B).  Thus,  MTl-MMP  expression  downregulates  the 
level  of  cell-associated  uPA  through  activation  of  the  ERKl/2  signaling  pathway. 


F^.  \l.k.Extraets  (160  fjg  protein)  ofMTl-MMPTet- 
On  cells  grown  for  24  h  in  serum-free  meditm  with  or 
without  1  f^/ml  of doyycycline  were  electrophoresed  in 
a  SDS/1 0%polyacrylamide  gel.  After  washing  twice  with 
200  ml  of  2.5%  (v/v)  Triton  X-100  at  22°  Cfor  2  h  to 
remove  SDS,  and  3  times  for  5  min  with  Hp  to  remove 
Triton  X-1 00,  the  gel  was  cut  in  half.  One  half  was  over¬ 
laid  with  a  2%  agarose  gel  containing  3%  (v/w)  non-fat 
milk  and  5  pg/ml  of  purified  human  plasminogen.  The 
other  half  was  overlaid  with  a  similar  agarose  gel  in 
which  plasminogen  was  omitted.  The  gels  were  incu¬ 
bated  in  a  moist  chamber  a  37°  Cfor  24  h,  and  finally 
stained  with  l%  Amido  Black  in  45%  (v/v)  methanol, 
10%  (v/v)  acetic  acid  and  destained  in  the  same  solu¬ 
tion  without  dye  [24].  The  At  of  the  lysis  band  was  de¬ 
termined  by  r^erence  to  high-molecular  mass  (14.3  - 
200 -kDa)  standards  (Rainbow  Markers;  Amersham,  En¬ 
gland).  B.  MTl-MMP  Tet-On  cells  were  grown  for  24  h 
in  serum-free  medium  with  or  without  1  pg/ml  of  dory- 
cycline  in  the presence  or  absence  of  the  MEK  inhibitor 
U0126  (10  pM).  At  the  end  of  the  incubation  the  indi¬ 
cated  cultures  were  treated  with  TIMP-2  (100  ng/ml) 
and/or  Ilomastat  (GM6001)  for  15  min.  Cell  extract (160 
pg)  and  conditioned  medium  (20-30  pi,  normalized  to 
the  protein  concentration  of  the  corresponding  cell  ex¬ 
tract)  were  characterized  by  casein/plasminogen 
zymography  as  described  for  panel  A. 
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Other  Results. 


Membrane-type  1  matrix  metalloproteinase  (MTl-MMP)  has  been  implicated  as  a  physiologi¬ 
cal  activator  of  progelatinase  A  (MMP-2).  We  previously  reported  that  plasmin  treatment  of  cells  re¬ 
sults  in  proMMP-2  activation  and  increased  type  IV  collagen  degradation  [18].  Now  we  analyzed  the 
role  of  MTl-MMP  in  plasmin  activation  of  MMP-2  using  HT-1080  cells  transfected  with  MTl-MMP 
sense  or  antisense  cDNA.  Control,  vector-transfected  cells  that  expressed  endogenous  MTl-MMP,  and 
antisense  cDNA  transfectants  with  very  low  levels  of  MTl-MMP  did  not  activate  proMMP-2.  Con¬ 
versely,  cells  transfected  with  sense  MTl-MMP  cDNA  expressed  hi^  MTl-MMP  levels  and  pro¬ 
cessed  proMMP-2  to  68/66-kDa  intermediate  activation  products.  Control  cells  and  MTl-MMP 
transfectants  had  much  higher  levels  of  cell-associated  MMP-2  than  antisense  cDNA  transfectants. 
Addition  of  plasmin(ogen)  to  control  or  MTl-MMP-transfected  cells  generated  active,  62-kDa  MMP- 
2  but  was  ineffective  with  ntisense  cDNA  transfectants.  The  effect  of  plasmin(ogen)  was  prevented  by 
inhibitors  of  plasmin  but  not  by  metalloproteinase  inhibitors,  implicating  plasmin  as  a  mechanism  for 
proMMP-2  activation  independent  of  the  activity  of  MTl-MMP  or  other  MMPs.  Plasmin-mediated 
activation  of  proMMP-2  did  not  result  from  processing  of  proMTl-MMP  and  did  not  correlate  with 
a^Pjintegrin  or  TIMP-2  levels.  Thus,  plasmin  can  activate  proMMP-2  only  m  the  presence  of  MTl- 
MMP;  however,  this  process  does  not  require  the  catalytic  activity  of  MTl-MMP. 

The  results  discussed  briefly  in  this  paragr^h  have  been  published  in  The  Journal  of  Cellular 
Physiology  (192: 160-170, 2002).  A  reprint  is  enclosed  in  the  Appendices  section  of  this  report 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Generation  of  human  MCF-7  mammary  carcinoma  cells  that  express  MTl-MMP  under  control  by 
tire  tetracycline  resistance  transactivator  (Tet-On  and  Tet-OS). 

•  MTl-MMP  expression  and  TIMP-2  binding  induce  Ras  and  ERKl/2  activation  with  a  dose-depen¬ 
dent  effect. 

•  Inhibition  of  TIMP-2  binding  to  cell  membrane-bound  MT 1  -MMP  abolishes  ERKl/2  activation. 

•  The  cytoplasmic  tail  and  TIMP-2  binding  capacity  of  MTl-MMP  is  required  for  ERKl/2  activa¬ 
tion. 

•  MT  1  -MMP  expression  and  TIMP-2  binding  enhance  cell  proliferation  and  migration. 

•  MTl-MMP  -  TIMP-2  interaction  stimulates  cell  migratiwi  and  proliferation  tiirou^  activation  of 
the  MKl/2  pathway. 

•  MTl-MMP  expression  downregulates  the  level  of  cell-associated  urokinase  plasminogen  activator. 

•  Plasmin  activates  pro-matrix  metaIloproteinase-2  (proMMP-2)  with  a  MT  1  -MMP-dependent  mecha- 
rusm. 

REPORTABLE  OUTCOMES 

Monea  M,  Lehti  K,  Keski-Oja  J,  Mignatti  P.  Plasmin  activates  pro-matrix  metalloprotemase-2  with  a 
membrane-type  1  matrix  metalloproteinase  dependent  mechanism.  J.  Cell.  Physiol  2002, 192:  160- 
170. 
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CONCLUSIONS 

The  re^ts  reported  show  that  MTl-MMP  controls  a  variety  of  breast  cancer  cell  functicms. 
Some  of  diese  effects  are  mediated  by  MTl-MMP  interaction  with  its  phyaological  ligand,  TlMP-2. 
Th^  conclusions  are  based  on  the  following  observations:  a)  MTl-MMP  expression  and  TIMP-2 
binding  induce  Ras  and  ERKl/2  activation  in  a  dose-dependent  nKinner,  b)  in  contrast,  a  synthetic 
inhibitor  of  MMPs  (Ilomastat)  that  competes  witii  T]MP-2  for  binding  to  the  MTl-MMP  active  site 
abohshes  ERKl/2  activation;  c)  MTl-MMP  mutants  devoid  of  the  cytoplasmic  tail  and/or  TIMP-2- 
binding  capacity  do  not  mediate  ERK.1/2  activation;  d)  MTl-MMP  expression  and  TlMP-2  binding 
stimulate  cell  proliferation  and  migration  through  activation  of  flie  ERK.1/2  sipaling  pathway,  e)  MT 1  - 
MMP  expression  downregulates  the  level  of  cell-associated  urokinase  plaminogen  activator.  These 
conclusions  are  schematized  in  the  diagram  below. 

The  observed  effects  of  TIMP-2  in  cells 
that  do  not  express  MTl-MMP  may  be  medi¬ 
ated  by  MT2-  and/or  MT5-MMP,  members  of 
the  MT-MMP  class  of  transmembrane  protein- 
ases  that  are  expressed  by  MCF-7  cells.  This 
conclusion  is  supported  by  our  observation  that 
reagents  that  compete  with  TIMP-2  for  bind¬ 
ing  to  the  catalytic  site  of  MMPs  (Ilomastat 
and  soluble  MTl-MMP)  complete  abrogate  the 
levels  of  cell-associated  TIMP-2  and  block 
ERKl/2  activation. 

Data  discussed  in  our  previous  rqwrt 
indicated  that  MTl  -MMP-mediated  activation 
of  Ras  and  ERKl/2  occurred  in  the  presence 
of  the  synthetic  MMP  inhibitor  Ilomastat.  This  effect  was  modulated  in  different  ways  by  the  addition 
of  TIMP-2  and/or  MMP-2  or  complex  thereof^  which  also  had  oj^osing  effects  on  p38“"^  activation 
and  induction  of  qroptosis.  These  results  have  not  been  confirmed  in  our  laboratory,  and  we  beheve 
they  reflected  experimental  flaws.  The  results  described  in  the  present,  final  report  have  been  repeated 
numerous  times.  Some  of  these  results  are  not  conclusive  and  require  further  investigation,  in  particu¬ 
lar  the  results  shovting  downregulation  of  ceU-associatated  uPAin  cells  expressing  MTl-MMP.  Sev¬ 
eral  non-mutually  exclusive  mechanisms  can  mediae  this  effect:  decreased  expression  of  the  uPAand/ 
or  uPA  receptor  (uPAR)  gene,  removal  of  uPAR-bound  uPA  or  increased  internalization  and  degrada¬ 
tion  of  uPAR-bound  uPA.  Because  both  uPA  and  MTl-MMP  have  been  implicated  in  cell  migration,  it 
is  tempting  to  speculate  that  the  opposing  modulation  of  these  two  proteins  reflects  a  mechanism  to 
coordinate  adhesive  and/or  proteolyticfunctions  that  control  cell  movement. 

Our  finding  also  indicate  that  treatment  of  tumors  with  synthetic  proteinase  inhibitors  may 
result  in  upregulation  of  the  tumor  cell  expression  of  a  different  femily  of  proteolytic  enzyme.  If 
confirmed,  this  observation  maybe  useful  to  our  designing  novel  anti-proteolytic  treatments  aimed  at 
blocking  tumor  invasion,  metastasis  and/or  angiogenesis. 

hi  conclusion,  our  data  show  a  novel  mechanisms  of  intracellular  signaling  mediated  by  the 
MTl-MMP/TIMP-2  complex.  The  activated  signaling  controls  a  variety  of  cell  functions  involved  m 
tumor  growtii  and  invasiott  These  findmgs  may  provide  the  basis  for  the  development  of  novel  phar¬ 
macological  tools  aimed  at  inhibiting  tumor  progression. 
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APPENDICES 
Reprint  of  manuscript: 

PLASMIN  ACTIVATES  PRO-MATRDC  METALLOPROIEINASE-2  WITH  A 
MEMBRANE-TYPE  1  MATRIX  METALLOPROTEINASE  DEPENDENT 
MECHANISM. 

byMonea  M,  Lehti  K,  Keski-Oja  J,  and  Mignatti  P. 

PubUshedinthe  Cell.  Physiol.  2002, 192: 160-170. 
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Piasmin  Activates  Pro-Matrix  Metalioprdteitiase-2  With  a 
Menribrahe-Type  1  Matrix  Metanoproteinase-Dep^eftt 

Mechanism 


SARA  MONEA,’  KAISA  LEHTl/  JORMA  KESKJ-0]A,^  and  PAOLO  MfCNATTl’'^ 

^Department  of  Surgery,  S.A.  Localio  Laboratory  for  General  Surgery  Research,  New  York,  New  York 
^Departments  of  °athology  and  Virology,  Haartman  Institute  ana  Helsinki  University  Hospital, 

University  of  Helsinki,  Finland 

^Department  of  Cell  Biology,  NYU  School  of  Medicine,  New  York,  New  York 

Membrane-type  1  matrix  metalloproteinase  (MT1  -MMP)  has  been  implicated  as  a 
physiological  activator  of  progelatinase  A  (MMP-2).  We  previously  r^rted  that 
piasmin  treatment  of  cells  results  in  proMMP-2  activation  and  increa^  type  tV 
collagen  degradation.  Here,  we  analysed  the  role  of  MTI  -MMP  in  piasmin  activa¬ 
tion  of  MMP-2  using  HT-1 080  celts  transfected  with  MT1  -MMP  sense  or  antisense 
cDNA.  Control,  vector-transfeaed  cells  that  expressed  endogenous  MT1  -MMP, 
and  antisense  cDNA  transfectants  with  very  low  levels  of  MTl-MMP  did  not 
activate  proMMP-2.  Conversely,  cells  transfected  with  sense  MTi-MMP  cDNA 
expressed  high  MTi-MMP  levels  and  processed  pfoMMP-2  to  68/66-kDa 
intennediate  aaivation  products.  Control  cells  and  MT1  -MMP  transfectants  had 
much  higher  levels  of  cell-associated  MMP-2  than  antisense  cDNA  transfectants. 

Addition  of  plasmin(ogen)  to  control  or  MT1  -MMP-transfected  celts  generated 
active,  62-kDa  MMP-2,  but  was  ineffective  with  antisense  cDNA  transfectants. 

The  effea  of  plasmin(ogen)  was  prevented  by  inhibitors  of  piasmin,  but  not  by 
metalloproteinase  inhibitors,  implicating  piasmin  as  a  mechanism  for  proMMP-2 
activation  independent  of  the  activity  of  MTI-MMP  or  other  MMPs.  Plasmin- 
mediated  activation  of  proMMP-2  did  tKtt  result  from  processing  of  proMTI  -MMP 
and  did  not  correlate  with  integrin  or  TIMP-2  levels.  Thus,  piasmin  can 
activate  proMMP-2  only  in  the  presenceof  MT1  -MMP;  however,  this process  does 
not  require  the  catalytic  activity  of  MT1  -MMP.  J.  Cell.  Physiol.  1 92: 1 50-1 70, 

2002.  ©  2002  Wiley-Liss,  Inc. 


The  matriz  metalloproteinases  (MMPs)  are  a  family 
of  enzymes  involved  in  a  variety  of  physiological  and 
pathobgical  processes  that  require  extracelhilar  ma¬ 
triz  remodeling,  such  as  organt^nesis,  wound  repair, 
tumor  invasion,  and  metastasis.  Besides  few  ezo^tions, 
MMPs  are  secreted  in  an  inactive  form  (pix^^MP)  and 
are  activated  eztracellularly  by  limit^  proteolytic 
cleavage  trf'  the  N-tenninal  “pro”  peptide,  with  a  subse¬ 
quent  decrease  in  of  about  10  kDa.  In  eztracellular 
spaces,  active  MMPs  are  inhibited  by  the  tissue  inhi¬ 
bitors  of  m^alloproteinases  (TIMP).  MMPs  are iuvolved 
in  a  cascade  proteolytic  reactions  that  also  involve 
components  of  the  plasininogen  activators  (PA)-plasrain 
system.  All  these  enzymes  act  in  concert  to  degrade 
most  protein  components  of  the  eztracellular  matrix 
(ECM)  (Hdner  and  Stetler-Stevenson,  1993;  Mignatti 
and  Kfidn,  1993, 2000). 

MMP-2  and  -9  (type  IV  coUagenases/gelatinases,  or 
gelatinase  A  and  B,  respectively)  pl^  an  important  role 
in  tumor  invasion  and  metastasis  (Matrisian,  1990; 
Senior  et  al.,  1991;  Kleiner  and  Stetler-Stevenson,  1993; 
Aimes  and  Qu^ey,  1995).  The  physiological  mechan¬ 
isms  of  activation  rf  these  enzymes  are  not  completely 
understood.  MMP-2,  in  particular,  has  unique  require¬ 

©  2002  mEY-LISS.  INC. 


ments  for  activation.  Pour  membrane  type  MMPs 
(MT1-,  MT2-,  MT3-,  and  MT5-MMPs)  have  been  nt^- 
cated  as  physioclogical  proMMP-2  activators.  The^ 
MT-MMPs  are  bquirf  to  the  cell  menysrahethrough  aC- 
terminai  hydrophobic  sequence,  and  have  the  catabTfic 
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doiHain  exposechpn  the  cdQ  surfece  (Sato  et  aL,  1994; 
Puente  et  1996). 

Membrane-type  1  matrix  metalloproteinase  (MTl- 
MMP),  a  63-kDa  protmn  expressed  by  most  cell  types 
and  tissues,  processes  72-kDa  proMMP-2  into  an 
intermediate  68/66-kDa  form,  which  may  undei^o 
autocatalytic  processing  to  the  active  64/62-kDa  form 
(Strongin  et  sd.,  1993;  Stxongin  et  aL,  1995;  Atkinson 
et  aL,  1995;  Sato  et  al.,  1996a,b;  Will  et  aL,  1996).  How¬ 
ever,  this  process  requires  overexpression  of  MTl-MMP 
by  transfection  or  treatment  of  cells  with  concanavalin 
A,  phorbol  esters,  or  transforming  growth  factor  b-1 
(TCxF-pi)  (Brown  et  al.,  1990;  Overall  and  Sode^  1990; 
Atkinson  et  aL,  1995;  Strongin  et  al.,  1995;  Lohi  et  aL, 
1996).  In  addition,  proMMP-2  activation  by  MTl-MMP 
requires  the  presence  of  TIMP-2,  althou^  hi^  con¬ 
centrations  of  TIMP-2  inhibit  proMMP-2  activation 
(Strongin  et  aL,  1993;  Strongin  et  al.,  1995).  In  Hie 
presence  of  TIMP-2  tri-molecular  complexes  consisting 
of  MTl-MMP,  MMP-2  and  TIMP-2  are  formed  on  the 
membrane  of  HT-1080  fibrosarcoma  cells.  In  these 
complexes,  theC-terminal  tail  of  TIMP-2  interacts  with 
the  Oterminal  hemopexin  domain  of  proMMP-2,  and 
the  N-tehninal  inhibitory  domain  of  TIMP-2  binds  to  the 
catalytic  site  of  MTl-MMP.  MMP-2  also  binds  to  OrPs 
integrin  through  its  Oterminal  domain  (Brooks  et  id., 
1996,  1998;  Deryugina  et  al.,  2001a),  indicating  that 
MMP-2  interaction  with  thecell surface  canhemediated 
Ity  multiple  bindu^  sites.  In  addition  to  activating 
proMMP-2,  recombinant  MTl-MMP  mutants  that  lack 
the  transmembrane  domain  degrade  coHagais,  gelatin, 
fihronectin,  and  laminin  (Pei  and  Weiffi,  1996). 

Several  serine  proteinases  like  thro3Q3hin  and  neutro¬ 
phil  elastase,  cathepsin  G,  and  proteinase-3  activate 
proMMP-2  by  acting  in  concert  wifii  MTl-MMP  (^cker 
et  aL,  1995;  Galis  et  aL,  1997;  Lafieur  et  aL,  2001; 
Shaxnamian  et  aL,  2001).  We  have  previously  reported 
thatccanponents  of  the  urokinase  (uPA)-pl^mm  ^^stem 
are  involved  in  the  control  of  lype  lV’  coll^ienase  actiyity 
on  the  cell  surface.  In  cell  cultures,  physiolc^cal  con¬ 
centrations  of  plasmin  activate  both  proMlS’-9  arid  -2 
vrithout  the  action  of  other  metallo-  or  acM  proteinases. 
On  the  contrary,  in  soluble  phase,  plasmin  degrades 
both  MMP-9  and  -2  (Mazzieri  et  al.,  1997).  To  character¬ 
ize  the  ceil  meiribrane  components  required  for  plasmin- 
maiiated  activation  of  MMP-2,  we  stinfied  potential 
interactions  hetwe«i  MTl-MMP,  otvPsintegrin,  TinMP-2, 
and  plasmin.  We  report  here  that  proMMP-2  activation 

plasmin  requires  espression,  but  not  the  cataljdic 
activity  of  MTl-MMP  and  does  not  correlate  with  oCvPs 
and  TMP-2  levels. 

MATERIALS  Am  METHODS 
Materials 

Human  plasminogen  was  purified  as  described 
(Ossowski  et  al.,  1973;  Unkeless  et  al.,  1973);  gdatin- 
S^harose  ^1-^ph)  was  purchased  from  Phmmada 
Bioteda  AB  (Uppsala,  Sweden),  gelatin  from  Merck 
(Darmstadt,  Germany),  aprotinin,  1,10-phenanthroliiie, 
and  4-aminopbenylmercuric  acetate  (APMA)  firom 
Sigma  (St.  ^uis,  MO),  the  MMP-suhstrate,  Mca- 
pro-leu-Gly-Leu-Dpa-Ala-Aig-NH2,  from  Calbiochem- 
Novabiochem  International  (Schwalbadi,  Germany). 
Protein  concentrations  were  measured  by  the  Bradford 


protein  assay  reagent  ^io-Bad,  Melville,  NY)  Pang 
bovine  serum  albumin  (BSA)  (Si^a)  hs  a 
AntSxxfy  to  a  26-residue  ^tb^c  betide  xstaie^iid- 
ingtothe  04:ennin^  intrachiiuiar  dtMain’ o^^ 
MTl-MMP  (amino  acM  readue  557-^582):  h^  lfe^  de^ 
scribed.  The  arttibotfy  was  purified  by  affihity  (bromato- 
graphy  with  the  antigen  coupled  to  GNBr-activated 
Sepharose  4B  (Lohi  et  aL,  1996).  Antibodies  to  TIMP-1 
and  -2  were  purchased  firOm  Calbiochem-NoVabiochem 
International,  antibodies  to  Ov  and  |>3  int^rin  chains 
firom  Chemicon  (Temecula,  CA)  and  froin  T^sducticm 
Laboratories  (Lexington,  KY),  respectively. 

Cells  and  culture  medium 

Human  HT-IOSG  fibrosarcoma  cells  were  originally 
obtained  from  the  American  T^pe  Culture  Gdlection 
(ATCC,  CCL-121)  and  grown  in  Dulbecco’s  minimum 
essential  medium  (DhffiM)  supfslemented  with  10% 
fetal  calf  serum  (FCS),  2  mM  irglutamine,  lOO  U/tdl  of 
penidllin,  and  100  pg/ml  of  streptomycin  (GiBCO-BSL, 
Gaith^'sburg,  MD). 

Transfection  of  HT-IOSO  cdl& 
with  MTl-MMP  cDNA 

The  egression  plasmids  containing  nucleotides 
1-2,369  of  MTl-MMP  cDNA(pc3SE)  or  the  corregyqnd- 
ing  antisense^^l^  (pt^AS)  under  trhhscf^tion^  con¬ 
trol  by  the  CMV  promoter  in  the  pk3)NA3  yectar-iiave 
been  d^ciibed  (Lohi  et;  aL,  3996)..  For  -sfeafie  trans¬ 
fection,  8  ml  of  OPTI-MEM  (C2B()0-BSL)  was  gentfy 
mixed  with  9  ;igofmther  pc3  or  pc3SE  of  j^AS  ahd^  ;il 
of  lipofectin  (GIBCU-BRL),  aiki  the  mixture  was  in¬ 
cubated  at  room  temp^ture  for  40  min.  Suhcdhfinent 
HT-1080  cells  m  10-<ot  dishes  were  washed  twice  with 
serum-free  DME.  The  mMure  was  aiWted  to  the  c^ 
and  incuhafed  at  37'C  for  16  L  The  cfells  y^fe  wahhed 
with  DME  and  incubated  with  10  ini  bf  DME;  shppie^ 
mmited  wfrh  10%  F(^  and  ^  pghifi  .-cC  gm|^c^ 
(Sgma).  (feneticin-resistaht  cell  .drara  wecfe -^i^jcui- 
tiu^  in  DME  containing  2()0  j^finl  of  Ebc- 

pressitm  of  MTl-MMP  by  the  doni®  was  analysed 
by  Western  blotting  as  described  below. 

Fceparation  of  oeH  exixacts 

and  conditxohedmeiRa 

HT-i080  cells  were  sefeddi  info  lG4Cin  dilturje  dishes 
atadensitypf2.6  x  10’ceI^(£sh.Theci^wer6waSed 
twice  with  phosphate-huffd-ed  sahne  (Hfe)  to  remove 
residual  Fra,  arid  incuhat^  for  16  fa  with  4 -nd/di^  <rf 
serTun-freePMEvrithorwiihcHfr4|ig^of;pla^ 
and/or  the  mdicated  wncentrations  of  pi^ehiase 
bitors.  The  ciiltuTe  supernatants  were  dehtrifeg^  at 
500g  at  22*C  for  10  min.  For  ^latm^^miogr^hy,  the 
cells  were  washed  twice  withPBS,  fysed  for  lOmin  cm  ke 
with  1  ml/dish  of  Triton  X-100, 0.5%  (v/v)  in  0.1MTris- 
HCl,  pH  8.1  Oysis  buffer)  iindd'amdant  and 

BcraiJOT  with  a  rubber  policeman.  For  Western  blotting 
the  cells  were  washed  with  PBS,  scraped  wfih  a  rubber 
policeman,  centrifiiged  in  an  Eppendorf  tube  for  3  mm, 
andresuspendedin  100  jiloffysishufferonicefor  lOmin. 
For  the  analysis  of  TIMP-2  or  -1  in  cell-conditioned 
media,  1  ml  of  serum-free  culture  supernatant  was  con¬ 
centrated  with  Centricon  tubes.  The  cell  lysates  ware 
centrifugedatSOOgfor  10minat4‘C.  Ccmchtionedm^a 
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and  cell  extracEs  were  immediately  analysed  by  Western 
blotting  and/or  gelatin-zymography. 

Gelatin  zymography 

Cell  extracts  (0.8-1.0  n^  of  protein  in  1  ml)  or  condi¬ 
tioned  media  (4  ml)  were  incubated  at  4“C  for  1  h  in  an 
end-over-end  mixer  with  25  pi  of  gel-Sepb  equffibrated 
with  60  mM  Tris-HCl,  150  mM  NaCl,  5  mM  CaCl2, 0.02% 
(v/v)  Tween-20,  10  mM  EDTA,  pH  7.6  (Collier  et  al, 
1988).  After  four  washes  with  1  ml  of  equibbrationboffer 
containing  200  mM  NaCl,  the  beads  were  resuspended 
in  30  pi  of  4  X  non-redudng  Laemmh  buffer,  and  loaded 
onto  SDS-8%  pol3mcrylamide  gels  containing  1  mg/ml  of 
gelatin.  After  electrophoresis,  the  gels  were  washed 
twice  with  200  ml  of  2.5%  (v/v)  Triton  X-100  at  22°C  for 
2  h  to  remove  SDS,  and  three  times  for  5  min  with  H2O  to 
remove  Triton  X-100.  The  gels  were  incubated  in  50  mM 
Tris-HCl,  0.2  M  NaCl,  20  mM  CaCh,  pH  7.4  at  37'C  for 
6-12  h,  stained  overnight  with  Coomassie  Brilliant 
Blue  R-250  0.5%  (w/v)  in  45%  (v/v)  methanol,  10%  (v/v) 
acetic  add,  and  dests^ed  in  the  same  solution  without 
dye  (Heussen  and  Dowdle,  1980).  The  M^s  of  the  lysis 
bands  were  determined  by  reference  to  high-molecular 
mass  (14.3-200  kDa)  standards  (Rainbow  Markers; 
Amersham,  Biosdences,  Piscataway,  NJ). 

Western  blotting 

Concentrated  conditioned  media  or  cell  extracts 
(80  pg)  were  electrophor^ed  in  a  reducing  SDS-poly- 
aciylamide  gel  and  electroblotted  to  a  nitrocellulose 
membrane  Hlybond-C  Extra,  Amersham).  The  non- 
spedfic  protein  binding  sites  of  the  membranes  were 
saturated  in  20  mM  iSis  base,  NaQ  150  mM,  0.1% 
Tween  20,  pH  7.4  (TBS-T)  containing  5%  milk  (Carna¬ 
tion)  at  22“C  for  1  h  or  at  4'C  ovemi^it,  and  reacted  at 
22‘'CJ  for  1  h  in  TBS-T  containing  5%  milk  and  pre-tested 
dilutions  of  rabbit  antibody  to  either  MTl-MMP  or  to 
the  or  83  int^rin  drains,  or  mouse  anti-TIMP-1  or  -2 
antibody.  The  membranes  were  incubated  in  TBS-T 
containing  horseradish  peroxidase-labeled  anti-rabbit 
or  anti-mouse  IgG (Amersham)  at  22-C  for  45  min.  Each 
step  was  foEowed  by  extensive  washing  in  IBS-T  (4  ml/ 
cm^  at  22'C.  After  removing  the  TBS-T  buffer,  the 
membranes  were  incubated  with  0.125  of  ECL 

detection  solution  (Boehringer)  at  22rC  for  1  Tnin  and 
aposed  to  films  (Hyperfilm  MP,  Amersham)  for  10  sec 
to  5  min. 

MMP  activity  assay 

The  fluorogenic  MMP  substrate  Mca-Pro-Leu-GIy- 
Leu-Dpa-Ala-Aig-NH2-AcOH  was  dissolved  to  1.0  mM 
in  dhnethylsulphoxide  as  descrSoed  (Kni^t  et  aL,  1992) 
and  stored  at  4”C  in  the  dark  to  avoid  photo-oxidation. 
To  measure  gelatinase  activity,  the  substrate  was 
diluted  to  10  pM  in  50  mM  Tris-HCl,  0.2  M  NaCl, 
20  mM  CaCl2,  pH  7.4  (ssssy  buffer).  Increasing  volumes 
(10-300  pi)  of  control  medium  or  cell-conditioned 
medium  (CM)  were  added  to  500  pi  of  assay  buffer  con¬ 
taining  the  substrate,  and  the  reaction  mixture  was 
incubated  at  3TC  in  the  dark  for  30  min  to  6  h.  At  the 
end  of  the  incubation,  the  reaction  was  blocked  by  addi¬ 
tion  of  500  pi  of  10%  acetic  acid.  The  reaction  pro¬ 
duct  was  measured  as  described,  using  a  FluoroMi:-2 


fluorimeter  (excitation  max  325  nm,  emission  niax 
393  nm).  APMA  (1  mM)-treated  cell-CM  or  CM  supple¬ 
mented  with  EDTA  (iO  mM)  was  tised  as  positive  or 
negative  contrdL,  respective^.  As  a  conttol  for  the 
specificity  of  the  assay  for  toe  geiatinases,  CM  was 
pretreat^  with  gel-Seph  as  described  above  and  the 
supernatant  of  the  resin,  depleted  of  the  gelatinases, 
was  tested  in  the  assay.  Samples  and  controls  were 
assayed  in  digilicate.  The  total  amount  of  gelatinase 
activity  present  in  the  condirioned  media  was  assessed 
by  pre-treating  samples  with  APMA  as  described  above. 
By  gelatin  zymography,  APMA  treatment  resulted  in 
complete  activation  of  MMP-2  and  -9  (Mazzieri  et  al., 
1997;  and  data  not  shown). 

RESULTS 

MTl-MMP  expression  and  proMMP-2 

activation  in  HT-1080  cells  transfected 
with  MTl-MMP  sense  or  antisense  cDNA 

Non-transfected  HT-1080  cells  and  clones  of  HT-1080 
cells  transfected  with  sense  or  antisense  MTl-MMP 
cDNA,  or  with  the  control  vector  were  characterized  by 
Western  blotting  with  antibody  to  the  intracellular 
domain  of  MTl-MMP.  Consistent  with  previous  reports 
(Lohi  et  aL,  1996;  Lehti  et  aL,  1998, 2000;  Stanton  et  aL, 
IM®;  Zucker  et  aL,  1998),  multiple  forms  of  MTl-MMP 
with  63,000,  60,GW,  58,000,  and  43,0©0  were 
d^ected  (Pig.  1).  These  potypej^des  correspond  to  pro- 
and  active  MTl-MMP  and  ftutoer  cleavage  products  of 
the  enzyme  (Lohi  et  al,  1996;  Lehti  et  aL,  1998,  2000; 
Stanton  et  al.,  1998;  Zucker  et  aL,  1998). 

Non-transfected  cells  (not  shown)  or  cells  transfected 
with  toe  control  vector  constitotively  expressed  60-  and 
58-kDa  MTl-MMP  (Fig.  lA),  Under  comparable  immu- 
noblotting  conditions,  toe  levels  of  these  MH-MMP 
forms  were  dramatically  reduced  in  aM  toe  antisei^ 
cDNA-traosfected  cell  clones,  rd'ative  to  thoseof  control, 
vector-transfected  cdls  (Fig.  1C).  All  ihe  dcmes  of  ceDs 
txansfected  with  the  sense  dlNA  expressed  60^  and 
58-kDa  MTl-MMP,  in  addition  to  toe  63-kDa  pro¬ 
enzyme  and  toe  43-kDa  band  (Fig.  IE),  octosisteiit  with 
previous  findings  that  the  generation  of  this  peptide 
is  associated  with  overproduction  of  MTI-MMP  (Lohi 
et  aL,  1996;  Lehti  d;  al.,  1998;  Stmtoh  et  al,  1998). 

The  transfected  cells  were  n^  characterized  for 
gelatinase  expression  and  activation  by  gelatin  zymo- 
grrpby  ctfCM  or  ceD  extracts.  MMP-9  was  present  in  the 
CM  of  all  the  transfected  cell  clones  primarily  in  its 
inactive,  92-kDa  form,  in  contrast,  the  pattmi  ofMMP- 
2  forms  showed  aghificant  differences  among  toe 
different  transfectants.  Non-transfected  HT-108G  ceSs 
(not  shown)  and  cells  transected  vrith  the  vector  alone, 
which  constitutively  express  active  (60-kDa)  MTl- 
MMP,  secreted  MMP-2  only  in  its  72-kDa  proemzyme 
form  as  did  antisense  cDNA  transfectants  that  express 
very  low  amounts  of  MTl-MMP  (Fig.  IB  J))-  In  contrast, 
in  toe  of  cells  transfected  with  MTl-MMP  cDNA  68/ 
66-kDa  MMP-2  was  detected  in  addhdon  to  the  72-kDa 
proenzyme  (Fig.  IF).  Consistent  with  previous  reports, 
MMP-2  activation  correlated  with  the  overexpression 
of  63-  and  60-kDa  MTl-MMP  and  with  the  generation 
of  the  43-kDa  form  of  MTl-MMP  (Lehti  et  ai,  1998; 
Stanton  et  al.,  1998). 
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Fig.  1.  Characterization  of  MTl-MMP  and  gelatinases  in  clones  of 
HT-1080  cells  transfected  with  MTl-MMP  sense  or  antisense  cDNA 
or  the  vector  alona  Western  hlots  (A,  C,  E)  of  Triton  X-iOO  cell 
extracts  t80  and  gelatin  zymograms  (B,  D,  F)  of  serum-free 
medium  con^tioned  by  clones  of  c^  transfected  with  the  empty 
vector  CV),  or  with  antisense  CAS),  or  sense  CSE)  MTl-MMP  cDKA. 


Western  blotting  with  anti-MTl-MMP  antibody  and  gelatin  zymo- 
graphy  were  performed  as  described  under  M^erieds  and  Me&ods 
KPction  The  filma  shown  in  A,  C,  and  E  were  all  epqxised for  1  min  and 
developed  under  the  «aTn«-  conditions.  Molecular  wei^t  markers 
are  shown  on  the  left.  These  experiments  were  repeated  twice  witii 
con^arable  lesuhs. 


Gelatin  zymography  of  cell  extracts  (Fig.  2)  showed 
MMP-2  assxiated  with  cells  transfected  with  MTl- 
MMP  cDNA  or  witib  the  control  vector.  Very  low  levels 
of  MMP-2  were  associated  with  extracts  of  antisense 
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Fig.  2.  Chaiacterizatian  of  o^associated  gelatinases  in  dones  of 
KT-IOSO  cdls  transfected  with  MTL-MMP  sense  or  antisense  cDNA 
or  with  the  vector  alone.  Zymographic  aimlyais  of  the  gelatinases 
associated  with  Triton  X-100  extracts  (A)  w  serum-fr-ee  condi- 
ticmed  media  (B)  of  HT-1080  cell  ekmes  transfected  with  MTl-MMP 
dttlA  <SE),  the  eoriespondmg  antisense  cDNA  (AS),  or  the  en^ty 
vector  (Control).  MTl-MMP  ea^iresnon  by  the  indicate  cell  clones  is 
shown  in  Figure  1.  Conditioned  media  and  cell  extracts  were  analyzed 
by  gelatin  zymography  as  described  under  Materials  and  Methods 
section.  Molecular  masses  are  dzown  in  kDa  on  the  left.  This  e:g}eri- 
ment  was  repeated  twice  with  compaiahle  results. 


MTl-MMP  (iDNA  transfectsiicts  that  espre^  virtu^fy 
no  MTl-MMP,  sdthough  these  cells  secreted  aihoimts 
of  72-hDa  MMP-2  compar^le  to  those  of  liie  dtha 
cell  clones  (Fig.  2B).  This  finding  indicated  a  role  for 
MTl-MMP  as  a  major  MMP-2  binding  site  on  the  cell 
membrane. 

IIMP-Z  and  Ov^s  int^rin  eiqtfe^on  iii 
sense  or  antm^mise  MTl'MMP  tra^eOtante 

Because  TIMP-2  and  iid<^gria  have  beda  iin- 
plicated  in  (he  cell  surface  bindfa^  mid  ai^vation  of 
proMMP-2  (Strongin  et  aL,  1995;  Brooks  et  ai,  1996, 
1998),  a  panel  of  MTl-MMP  transfectant  (skin:^ 
were  dia^derized  fortim  ezpre^cm  of  tbe^imgimns 
(Fig.  3).By  Western Uotlang, control cdlsaifdeniasertse 
MTl-MMP  transfectants  secreted  siimlar  amounts  of 
TIMP-2  (1%.  3A,  lane  1-4).  In  (sontorast,  the  1^^ 
levels  of  TIMP-2  in  the  CM  (rf  MTl-MMP^xmiSfected 
cells  were  dramatical^  lowm:  (Fig.  3A,  lane  5-7>.  CeH 


of 'nMP-2  (Fig.  3A),  indicEalang  fimt  the  low 
levels  in  the  CM  of  MTI-MMP  trai^ectaate  did  -not 
result  firom  increased  TIMP-2  Thincfii^  *0  MTi-MMP 
or  the  EC5M.  Similar  differtaiees  were  thseiwed  Mthe 
amountsofsecretedTlMP-l,  whfch  Wasfnidefect^leTn 
the  (^ofMTl-MMP  transfectants  (seeheioWj'^.TF). 
Likewise,  the  levels  of  the  oty  andfsint^rin  chkins  were 
consider^ty  lower  in  the  MTl-hMP  taransfectantsthan 
in  the  other  cell  dones  (Fig.  3A).  Thiis,  no  corrdation 
was  apparent  between  TIMP-2  or  Orps  lev^els  and  the  cell 
surface  binding  and  activation  of  proMMP-2. 

To  investigate  vrtiether  the  downr^ulation  of 
and  ’nMP-2  resulted  firom  increased  MMP  activi^  in 
the  MTl-MMP  transfectants,  the  cells  were  grovfn  in 
the  presence  of  the  MMP  inhibitor  Marimastat  (10  pM). 
In  the  presence  of  Marimastat,  the  CM  of  aH  the  clones 
contained  comparable  levels  of  TIMP-2  (Fig.  3B),  im¬ 
plicating  MMP  activity  in  TIMP-2  downr^mlatiim. 
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In  contrast,  Marimastat  had  no  efifect  on  levels, 
indicating  that  cty  and  gene  expression  be 
downr^ulated  in  MTl-MMP  transfectants. 

Plasmin-mediated  proMMP'2  activation  is 
d^>endent  on  &fn-MMP  expression 

Plasmin  has  been  shown  to  activate  proMMP-2  in  the 
presence,  but  not  in  the  absence  of  cells,  suggesting  a 
role  for  the  cell  surface  in  this  process  (Mazzieri  et  aL, 
1997).  To  investigate  the  potential  role  of  MTl-MMP 
in  plasmin  -mediated  proMMP-2  activation,  the  trans¬ 
fected  cell  dones  were  incubated  in  the  presence  or 
absence  of  plasminogen  (4  jig/ml)  for  16  h.  HT-1080  cells 
secrete  hi^  levels  of  uPA  that  rapidly  convert  plasmi¬ 
nogen  into  plasmin  CMazzieri  et  al.,  1997;  and  data  not 
shown).  Gelatinase  activation  was  analysed  both  by 


degradation  of  a  q)ecrfic  fiuorogenic  subsixate  and  hy 
gelatin  zymo^qjhy,  as  described  under  Materials  and 
Methods  section. 

To  assess  the  linearity  of  Ae  fiuorogenic  essay, 
increasing  volumes  (10-300  pi)  of  medium  conditioned 
by  non-transfected  HT-1080  cells  in  the  absence  or  in 
the  presence  of  plasminogen  (4  pgdnl)  were  diluted  in 
500  pi  of  assay  buffer  and  incubated  in  the  pres^ice  of 
the  substrate  (10  pM)  for  30  min,  to  3  h.  The  assay  was 
linear  with  volumes  of  CM  ranging  lO-TOO  pi  ai^d 
incubation  times  ra^g  0.6-3.0  h  (Fig.  4).  Addition  of 
EDTA  to  the  reaction  mixture  or  depletion  of  the 
gelatinases  from  the  CM  by  gel-S^h  cmromatoip^phy 
as  described  under  Materials  and  Methods  Uodaed 
substrate  degradation  (F^.  5),  showingthe  spedfidty  of 
the  assay  for  the  gelatinases.  Consisteiot  with  previous 
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Fig.  4.  Effect  of  plasminogea  on  the  gelatinase  activity  of  BT-1080 
cds.  MediuSL  conditioned  hy  non-tr^sfected  HT-1080  in  the 
presence  <•)  or  in  the  absence  of  4  of  plasminogen  (O)  was 
assayed  for  gelatinase  activity  with  the  fiuorogenic  assay  desaibed 
under  Materials  and  Metiiods  section.  The  activity  of  the  CM  was 
blocked  by  EDTA  or  by  pretreatment  with  gel-S^h,  showing  that  tte 
assay  is  giecific  for  the  getatinases  (see  Fig.  5).  A;  Time  course.  Ceff- 
CM  (100  fil)  was  assayed  for  the  indicated  time.  B:  Dose-dependence. 
The  indicated  volumes  of  oell-CM  were  incubated  with  the  auhstrate 
lor  8  h.  These  e^rperiments  were  repeated  twice  with  con^arable 
results. 


findings  (Mazzieri  et  al,  1997),  medium  conditioned 
by  non-transfect^  HT-i080  in  the  presence  of 
plasmia(og^)  i^owed  a  4.5-fold  increase  in  gelaiinase 
(Miff -2  and  -9)  activity  rdadve  to  medium  conditioned 
in  tie  absence  of  jdasminogen  {Pig.  4). 

lie  activity  produced  by  the  control  cells  in  the 
presence  of  plasmin(ogen)  (~4Q%  of  the  total,  APMA- 
actrvatable  g^tinase  activity)  vras  similar  to  that  the 
MTl-MMP  transfectants  in  the  absence  of  plasmin 
(ogen)  (Fig.  5).  The  levels  of  total,  APMA-activatable 
gdatinase  activity  of  these  two  clones  were  compardile 
(see  Fig.  5).  Addition  of  plasmin(ogen)  to  MTl-MMP 
transfectants  increased  the  gelatinase  activity  to  apH 
proadmately  75%  of  the  total  .APMA-activatable  activity. 
In  contrast,  plasmin  only  increased  the  gelatinase 
activity  of  the  antisense  transfectants  to  approximately 
20%  of  the  total  activity  (Fig.  5).  The  total  APMA- 
activatable  gelatinase  activity  of  antisense  transfec¬ 
tants  was  approximately  30%  higher  than  that  of  the 
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Fig.  5.  Effect  of  plaaminfogen)  and  MTl-MIff  on  gelatmaw^  activity. 
(Jelatitmse  activity  of  serum-free  medium  cooditoaed  by  coutrol, 
vectoT^xiansfected  cells,  or  by  MTl-MMP  sense  or  antisem  ct®IA- 
transfected  cells.  The  cells  were  grown  for  18  h  in  senun-ffee  medium 
in  the  absence  or  in  the  presence  (-f )  of  4  pg/ml  of  plnsminc^en  (Pig). 
AOffiP  activity  was  measnred  as  described  under .  Materials  and 
Methods  section.  Control,  non-CM  (DME)  was  tested  in  the  presence 
or  absence  of  plasminogen  (4  pgbnl)  and  iiPAfSO  mD/nd)  asa'negative 
control  Medium  conditioned  in  the  presence  or  ah^nce  dfplasmino- 
gen  was  assayed  in  the  ab^ce  or  in  the  inesence  df  eith^  APMA 
(1  mM)  dr  EDTA  (50  mM),  or  after  tiedtnient  taiih  des¬ 

cribed  under  Materials  and  Metiiods  sectidn.  The  adtiy^  m^sniedin 
the  presence  of  APMA  was  considered  as  the  total  gektmase  aiitiyify 
(10()^  of  the  CM.  The  actual  fluoidmetocic  reafi^gs  cf  the  AMdA- 
treated  samples  are  shown  on  top  of  eath  Wadt  W  (control  EET-IOSO, 
1765;  antisense  MTl-MMP,  3093;  saase  MTl-MMP,  2135).  The  activ¬ 
ity  was  aboHsbed  by  EDTA  or  by  pre-treatnKiit  of  CM.  wi&  gel-Seph, 
showing  that  the  aasey  is  specbbc  for  the  gelatinases.  Sfean  mid 
experimental  variability  of  duplicate  sasqjies  are  tiiown.  This  experi¬ 
ment  vras  r^eated  three  times  with  comparable  results. 


in  tile  presence  of  plesinra(Ggen)  was  hbt  befesase  (tf 
hitler  'nMP-2  or  -1  levds.  the  ferfe:  5f 

traxosfectants  substrate  d^ptdatiim  w^  <^;^etely 
abolished  by  EDTA  or  pfe-trioStmiait  hf  tis&cbi^iiion^ 
media  with  gel-Seph,  showing  that  fhfe  fe^- 

sured  was  mediated  exclusive^  by  gelatihases. 

By  gelatin  zymc^it^hy,  medhnh  ctmditioiied  in  the 
absence  of  plasoainTogen)  by  cdls  overexpressing  MTl- 
MMP  (Fig.  6,  bfri-MMP  SE)  showed  three  MMP-2 
bands  of  72,  68/66,  and  64/62  kDa.  Ccmtrol,  vector- 
transfected  cells  (V),  and  antisoise  cDNA  transfectants 
^TTl-MMP  AS)  showed  only  one  72-kDal:«nd.  Addititm 
of  plasminCogen)  to  the  culture  medium  of  antisense 
cDNA  transfectants  had  no  efect  on  pit)MMP-2  activa¬ 
tion,  aithou^  it  generated  active  ^82-kDa  MIiff-9 
(Fig.  6CD.  In  contrast,  addition  of  piasram{ogen)  to  the 
culture  medium  of  control  cells  or  MTl-MMP  transfec¬ 
tants  generated  active,  64/62-kI)aMMP-2  (P%.6A,B,D). 
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Fig.  6.  Effect  of  plasmin(ogeii)  and  MTl-MMP  on  proMMP-2  acti¬ 
vation.  Gelatin  zymography  of  aerom-free  mwinini  conditioned  by 
control,  vector-triiafected  cells  (A),  MTl-MMP  overexpressing  cells 
CB>,  or  antisense  MTl-MMP  cDNA-transfected  c^  (Cl.  The  cells 
were  grown  for  16  h  in  8cnnn-&ee  medium  in  the  absence  (-)  or  in  the 
presence  (-f)  of  4  (tg/ml  of  plasminogen,  with  or  -without  addition  of 
lOO  Mgdnl  of  igaotmin  and/or  10  p^ml  of  1,  lO-phenanthroSne.  D; 
Media  conditioned  by  control,  vector  transfectante  (V;  or  MTl-MMP 
senae  ciDNA  transfectante  (MT-SE)  wrae  run  in  the  same  gelafir 
tymt^ram  to  compare  the  MMP-2  acthralion  products.  The  samples 
were  analyzed  by  gelatin  zymography  as  desm"^  under  Materials 
and  Meth^  sectaon.  Molecular  masses  are  shown  in  fcDa  on  the  left 
of  eadi  panel  These  experiments  were  rqieated  five  times  wWi 
comparable  results. 


The  plasmin-mediated  conversioii  of  72-64/62-kDa 
MMP-2  was  less  ef&dent  with  control,  vector-transfect- 
edcells  than  with  the  MTl-MMP  transfectants  (Fig.  6D). 
■^^ih  the  MTl-MMP  overespressrng  cells,  plasmin  folly 
converted  the  68/66-kDa  intennechate  activation  pro¬ 
duct  of  MMP-2  to  active,  64/62-kDa  MMP-2  (Fig.  6D). 
Thus,  plasmin  generates  active  MMP-2  in  celk  that 
express  MTl-iDiP,  but  has  no  effect  on  proMMP-2 
secretedby  cells  with  very  low  levels  (or  virtuSly  devoid) 
of  MTl-MMP. 

In  the  presence  of  plasmin(ogen)  antisense  transfec¬ 
tants  had  no  active  MMP-2,  but  secreted  84/82-kDa 
MDff-9  (Fig.  60,  suggesting  that  the  low  gelatinase 
activity  measured  by  the  fiuorigenic  substrate  assay  in 
the  presence  of  plasmin{ogen)  was  mediated  by  acti¬ 
vated  MMP-9.  MTl-MMP  transfectants  had  a  level  of 


MMP-9  much  lower  thSi  those  of  the  othK-  two  clones.  In 
the  presence  d plasmin(ogen),  MTl-MMP  transfectants 
did  not  show  activation  ofMMP-9  (Fig.  6), mi  unexpected 
hut  rqprodudhle  effect.  Thus,  the  activify  measured  by 
the  fluorogenk  assay  in  the  CIM  crif  th^  cells  was 
mediated  only  or  predominantly  by  MMP-2. 

These  findings  suggested  that  the  effect  of  plasmin  on 
MMP-2  activation  could  be  mediated  either  indirectly  by 
cleavage/activation  of  cell  surface  proteins  such  as  ?dTl- 
MMP,  Op-ps,  or  TrMP-2,  or  directly  by  activation  of  cell 
surface-associated  proMMP-2.  To  test  these  hypoth^es, 
we  characterized  MTl-MMP,  ctypa,  and  TIMP-2  by 
Western  blotting  of  extracts  of  cells  grown  in  the 
presence  or  absence  of  plasminogen.  Plasmin  had  no 
effect  on  the  generatiem  of  active  MTl-MMP  (60  and 
58  kDa)  or  the  catalytically  inactive  43  kDa  form  both  in 
control  cells  (Fig.  TD)  and  in  MTl-MMP  transfectants 
(Fig.  7E).  Similar  results  were  obtained  by  surface 
labeling  wild-type  HT-1080  cells  or  MTl-hG^  trans- 
fectantsbythebiotin-avidin  method  (LehtietaL,  1998) 
followed  by  immunopredpitation  aftm-  different  incuba¬ 
tion  times  (30  min-6  h)  in  the  presence  or  absence  of 
varying  amounts  of  plasniin(ogen)  (data  not  shown). 
Plasmin  also  had  no  effect  on  the  levels  of  %,  or  p3 
integrin  chains  expressed  by  the  three  cell  lines 
(Fig.  7A3),  but  further  downregulated  the  low  levels 
of  TIMP-2  present  in  the  dM  of  the  MTl-MMP 
transfectants  (see  Pig.  3A).  Conversely,  in  the  o&er 
two  clones,  whidi  eiqpressed  considdrahly  hi^er 
amounts  of  'nMP-2,  plasmin  chd  not  significantly  aifect 
the  levels  ofthis  inhibitor  (Fig.  7C).  By  immunchlotting, 
d^radation  products  of  TIMP-2  could  not  be  detected  in 
the  medium  of  any  of  the  cell  clones.  Thus,  plasmin 
activation  of  proMMP-2  does  not  appear  to  be  mediated 
by  proMTl-MMP  activation  or  by  deavage  or  extia- 
celhilar  degradation  d"  Opfis  integrin  or  TIMP-2. 

To  characterize  fee  relative  contribution  of  plastbin 
and  MTl-MMP  to  proMMP-2  activation,  the  tra^ected 
cell  dones  were  grown  for  16  h  in  the  presence  or  d&mice 
of  plasmin(c^en)  and  different  proteinase  inhibitors, 
and  MMP-2  activation  was  analysed  by  gd^in  zymo¬ 
graphy  of  cell-CM.  Addition  to  MTl-M^Q*  transfectants 
of  1,10-phenanthroline  (10  ngfoil)  or  Marimastat  (data 
not  shown),  which  inhibit  mdnDoprotemases,  resulted 
in  decreased  68/66-kDa  MMP-2  (Rg.  6B).  Thus  bbsm- 
vation  is  consistent  wife  previous,  faidings  titat  the 
processing  of  proMMP-2.to  68/66  l^a  is  MTl-MMP- 
dependent  and  that  conversion  to  fuUy  active,  62-kDa 
MMP-2  occurs  tinrough  mitocataiysis  (Sato  et  ai, 
1996ajb).  Addition  of  plasminogen  in  the  presence  or 
absence  of  the  metaHoproteinase  inhobitOTS  resulted  in 
the  conversion  of  the  68/66-kDa  form  to  64/62iI>a 
MMP-2,  indicating  that  plasmin  can  catalyze  the 
generation  of  active  62-kDa  MMP-2  under  conditions 
in  which  MTl-MMP  activity  and/or  antocatafysis  are 
inhibited.  (Conversely,  the  efect  of  plasmin(ogen)  was 
inhibited  by  addition  of  aprotinin  (100 pg/ml),  a  serine 
proteinase  inhibitor  feat  blocks  activity 

(Fig.  6A,B).  As  addition  of  apotinin  alone  has  no  effect 
on  the  gelatinases  (Mazzieri  et  aL,  1997;  and  data  not 
shown),  these  finding  showed  that  plasmin  directly 
catalyzes  the  generation  of  64/62-kDa  MMP-2  from  the 
68/6^kDa  form  generated  by  MTl-MMP  and  from  the 
72-kDa  proenzyme. 
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Pig.  7.  MTl-MMP,  2,8s  integi^  TIMP-2,  and  -1  aqiressioa  in  HT- 
1080  cell  trassfectants  grown  in  the  absence  or  in  the  presence  of 
plasminlogen).  HT-1080  cells  transfected  with  either  the  vector  alone 
CV),  or  with  MTl-3dMP  sense  (SE)  or  antisense  MTl-MMP  cDNA  CAS) 
were  incubated  &«•  Ifrh  in  semm-free  medinin  with  (+)  or  wWiout  ( - ) 
plasmiK^en  (4  pgtefi.  Ei^ty  micrograms  of  Triton  X-lOO  ceil 
esdzacts  was  anahpzed  by  West^  hlotUng  with  antibodiea  to  the  s, 
(A),  83TB)  int^iin  or  to  MTl-MMP  QD  and  E)  as  described 
under  Materials  and  Methods  section.  Cti  (1  ml)  was  concentrated 
arai  analyzed  by  Western  blottmg  with  antibodi«  to  TBIP-2  (G)  or 
to  TIMP-l  CF,  medium  conditiimed  in  the  absence  of  plasminogen). 
Mokcolar  masses  are  shown  in  ld>a  on  hhe  left  of  each  panel  These 
eaperimenls  were  rq)eated  three  times  witii  comparable  results. 


DKCUSSION 

Hie  data  r^rted  show  several  features  of  MTl- 
MMP-plasmin  iuteractioas  in  i:p)MMP-2  activation: 
(a)  MTl-MMP  and  plasmin  act  in  concert  to  activate 
proMMP-2;  (b)  pkanin  activation  of  proMMP-2  re¬ 
quires  tile  expression,  but  not  the  catabddc  activity  of 
MTl-MMP;  (c)  cell-associated  proMMP-2  is  activated 


by  plasmin,  whereas  Iduble  proMMP-2  is  not;  (d) 
proMMP-2  activation  l^y  plasmin  does  not  rfektft  &oin 
plasmin-mediated  MTi-MbiS’  activation'^d  does  not 
correlate  with  the  Oyfe  inte^rin  lev^  pt  flse 
amount  of  TIMP-2  dete^ed  ih  the  cCH  cruitnires;  '^feese 
conclusions  are  based  on  tite  following  Ohserv^^tiohs. 

HT-IQSO  cell  trartsfeCtants  that  oveicexpressed  MTl- 
MMP  constitntively  actTviri^  LMP-2.  Consistent  with 
previous  reports,  proMMP-2  activation  correlated  with 
the  detection  of  63-kI)a  h^-MMP  and/or  with  the 
generation  of  the  43-kDa  cleavage  product  (Lohi  et  al., 
1996;  Lehti  et  aL,  1998).  However,  non-transfected 
HT-1080  cdis  or  cells  transfected  with  an  empty  vector 
expressed  significant  levels  cf  endogenous  MTl-MMP, 
but  no  active  MMP-2.  Addition  of  ptenanCogeti)  to  these 
cells  resulted  in  proMMP-2  aestivation  and  a  several 
folds  increase  in  gelatinase  actmty.  In  contrast,  with 
antisense  transfectants  virtually  devoid  of  MTl-MMP, 
activation  of  proMMP-2  by  plasmin  did  not  occur,  Thus, 
endogenous  levels  of  MTl-MMP  expressed  by  Hf -1080 
cells  are  necessary  and  sufficient  for  prdMMP-2  activa¬ 
tion  by  plasmin;  converse^,  in  the  absence  cf  piaanin, 
MTl-MMP  overexpression  is  necessary  for  proMMP-2 
activation. 

Ov^Ps  integ)m  and  TlMP-2  have  been  unplicated  in 
MMP-2  binding  to  and  activation  on  the  su^ce 
(Strongin  et  1995;  Brooks  et  aL,  1996,  "1908; 
Deryugina  et  al,  2001a).  Chur  MPTl-SO^P  tian^ectams 
espre^ed  diverse  levels  of  ot^Ps  integrin  that  did  not 
correlate  with  cell  surface  association  or  activation  of 
proMMP-2  in  the  presencse  enr  absence  of  plasmintogen). 
Cdls  that  overexpressed  MfTl-MMP,  wit  had  no  de¬ 
tectable  a^Pg  int^rin  (MTl-MMP  transfectants)  had 
cell-associated  MMP-2;  these  cells  activated  proMiMP-2, 
and  plasmin  enhanced  this  process.  Plasniin  induced 
proMMP-2  activation  in  cdntrol  cells  tiiat  ea^res^ 
endogenous  MTl-MMP,  relatively  hi^  levels  Uf 
integrin  and  cell-associated  proMMP-2;  Hi  confrast, 
pla^iin  had  no  effect  on  pr(MMP-2  activatiem  in  anti- 


of  integrin,  but  no  MTl-MMP.  Hius,  MTl-MMP 
appears  to  play  a  major  role  in  loCaliziag  MSIP^2  to 
HT1080  cell  membrane. 

likewise,  TIMP-2  lerv^  did  not  cciiT^te  wiSi 
piasmin-meefiated  im<MMP-2  activaticaL  Gefatittaire 
activaticHi  occurred  in  ceils  with  h^  levds  df  Mf  1- 
MMP  and  low  amountsdfTIMP-2  (MTl-MMP  trausfec- 
tants),  but  not  in  antisense  tiankecta^  i^ressing 
hitler  levels  of  the  inhfiiitor  aid  wTtUpfy^ 

MMP.  However,  plasmin  a(tivifcedifuM]ffi-2m  c<m^ 
cdls  that  exposed  higher  levels  of  MTl  -MMP,  bnt. 
TIMP-2  ieveik  comparable  to  those  i^aitiseise  '^TiA 
transfectants. 

TIMP-2  downregulation  in  MTl-MMP  transfectants 
was  abolished  by  addition  of  the  MMP  inhibitor  mari- 
mastat,  whereas  0^  integrin  downregulation  was  ikit 
Because  this  phenomenon  was  consisteht  in  several 


variability.  Maquoi  et  al.  (2000)  have  described  MTl- 
MMP-dependent  internalization  and  rapid  intracel¬ 
lular  degradation  of  TIMP-2  in  HT-1080  cells  that 
overexpress  MTl-MMP.  Based  on  these  findings, 
Marimastat,  which  has  an  inhibition  constant  to  the 
MTl-MMP  catalytic  domain  in  the  low  nanomolar 
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range,  can  compete  with  TIMP-2  binding  to  the  MTl- 
MMP  catalytic  site  (Toth  et  al.,  2000).  As  a  result, 
marimastat  can  inhibit  subsequent  TIMP-2  intemahza- 
tion  and  degradation.  However,  ttyps  downr^ulation 
was  not  prevented  by  marimastat,  suggesting  that  this 
effect  of  MTl-MMP  overexpression  may  be  mediated 
throu^  a  non-catatytic  mechanism(s).  In  contrast  to 
recent  reports  (Deryugina  et  al.,  2000, 2001b;  Ratnikov 
et  al.,  2002),  we  did  not  observe  MTl-MMP-mediated 
processing  of  OvPs  integrin. 

Our  finding  that  plasmin  can  downregulate  TIMP-2 
and  -1  levels  indicates  a  novel  role  for  plasmin  in  the 
control  of  MMP  activity.  Plasmin  not  only  activates 
some  MMPs  (Werb  et  aL,  1977;  He  et  ah,  1989;  Okada 
et  al.,  1990, 1992;  Murphy  et  ah,  1992a;  Nagase,  1996), 
but  can  also  increase  th^  acthdty  by  downregidating 
MMP  inhibitors.  In  tide  case  of  MMP-2,  whose  activation 
depends  on  TIMP-2  levels  (Strongin  et  ah,  1995), 
plasmin  control  of  TIMP-2  results  in  the  regulation  of 
both  MMP-2  activation  and  catalytic  activity. 

Consistent  with  our  previous  finding  that  plasmin 
activation  of  proMMP-2  does  not  require  the  action  of 
metallo-  or  add  proteinases  (Mazzieri  et  al.,  1997), 
with  our  HT1080  cell  transfectante  plasmin-mediated 
activation  of  proMMP-2  occurred  in  the  presence  of 
the  metalloproteinase  inhibitors  1,  lO-phenanthrohne 
(Fig.  6)  or  batimastat  (data  not  shown).  Ttese  inhibitors 
also  blocked  the  generation  of  68/6^kDa  MMP-2  by 
cells  that  overexpress  MTl-MMP,  showing  that  they 
did  indeed  block  MTl-MMP  activity.  MTl-MMP  activ¬ 
ity  and/or  MMP-2  autocatalysLs  were  not  involved  in 
plasmin-mediated  activation  of  proh®IP-2.  The  exact 
mechanism(s)  by  which  these  inhibitors  interfere  with 
TIMP-2  binding  to  MTl-MMP  remain  undear.  Be¬ 
cause  TIMP-2  affinity  to  MTl-MMP  is  sH^tly  higher 
than  that  of  marimastat,  suffident  formation  of  MTl- 
MMP  TIMP-2  MMP-2  complexes  may  occur  to  allow 
plasmin  activation  of  bound  proMMP-2. 

Plasmin  had  no  effect  on  MTl-MMP  activation,  as 
demonstrated  ^  Western  blotting  analysis  and  surface 
labeling  experiments  (data  not  shown).  Others  have 
report^  that  plasmin  catalyzes  the  conversion  of  a 
recombinant  GOT-proMTl-hOdP  fusion  protein  into  a 
catalytically  active  enzyme  able  to  activate  proMMP-2 
(Okumura  et  al.,  1997).  In  cells,  MTl-MMP  is  activated 
intraceliularly  during  transport  to  the  plasma  mem¬ 
brane.  It  is  possible  that  unlike  soluble  MT-MMP, 
membrane-andfored  MTl-MMP  is  protected  fimm  pro- 
teofytic  deavage  by  plasmin  (Pei  and  Weiss,  1996;  Sato 
et  id,  i996a,b;  Pei,  1999a,b). 

ProMMP-2  can  also  be  activated  by  stromdysin-l 
(MMP-3)  (Miyazaki  et  al.,  1992)  or  by  matrilysm 
(MMP-T)  (Crabbe  et  aL,  1994).  Our  HT-1080  cells 
express  no  MMP-3,  as  assessed  by  casein  zymography 
and  Western  blotting  (data  not  shown).  Plasmin  might 
activate  proMMP-2  indirectly  by  “unmaddng"  MTl- 
MMP  on  the  cell  membrane,  for  example,  by  deaving 
molecules  assodated  with  it  and  making  it  available 
fisr  interaction  with  the  substrate.  However,  our  finding 
that  plasmin  activates  proMMP-2  in  the  presence  of  1, 
10  phenanthroline,  EDTA  (Mazzieri  et  al.,  1997)  or 
Batimastat  strongly  indicates  that  plasmin  acts  directly 
on  proMMP-2  or  proMMP-2  •  TIMP-2  complex.  A  possi¬ 
ble  mechanism  of  action  could  also  consist  of  plasmin 


cleavage  of  the  C-te&iinal,  hemopexin-like  domain 
of  proMMP-2.  Sudi  cleavage  would  not  affect  the 
N-terminal  pro  domain,  but  would  account  forffre  de¬ 
crease  in  Mr  observed  by  zymography.  In  adcEtion,  dea- 
v^e  in  the  hemopexin  domain  would  prevent  TlMP-2 
binding,  which  would  result  in  increased  activity  of 
MMP-2  activated  by  other  mechanisms.  However,  in 
this  scenario,  active  MMP-2  should  have  Mr  lower  than 
62,000  as  activation  would  entail  deavage  in  both  the 
pro  and  the  C-terminal  peptide. 

The  low  TIMP-2  levels  of  oxir  MTl-MMP  transfectants 
may  account  for  the  hi^  MhIP-2  activity  of  these  cells 
(Fig.  5).  However,  proMMP-2  activatioh  was  also  de¬ 
tected  ^unography  (Fig.  6),  showing  that  MMP-2 
processing  inde^  occurs  in  the  j^esence  of  plasmin.  In 
addition,  increasedgelatinase  activity  Was  alk)  obtained 
by  addition  of  pla.sinm(ogen)  to  control  cells  that  have 
relatively  high  TIMP-2  Iwels  (Figs.  4  and  5).  We  cannot 
rule  out  that  TIMP-2  degradation  by  plasmin  may 
contribute  to  increasing  MMP-2  activation  and  activity. 
However,  addition  of  plasmin(ogen)  to  antisense  cDNA- 
transfected  cells,  which  have  TfilP-2  levels  comparable 
to  that  of  control  cells,  did  not  result  in  pirrfJMP-2 
activation  and  increased  gelatinase  activity.  This  find¬ 
ing  rules  out  the  hypothesis  that  TIMP-2  d^adation 
is  the  only  mechanism  by  which  plasmin  mediates  in¬ 
creased  MMP-2  activation  and  activity. 

Ackfitionofplasninogentocontrdor  ahtisease  dK^A 
transfectants  resulted  in  prt)MMP-9  activation,  but 
had  no  effect  on  the  proMMP-9  secreted  by  MTl-MMP 
transfectants  (Pig.  6).  This  dfect  was  obs'OT^  several 
times  in  a  r^roducible  manner.  Ihe  reason  for  the 
lack  of  proMMP-9  activation  by  plasmin  in  MTl-MMP 
transfectants  is  not  clear.  We  have  previous  reported 
that  MMP-9  activation  also  requires  the  presence  of  the 
cell  surface  (Mazzieri  et  aL,  1997).  We  hypothesize  that 
the  high  levels  of  MTl-MMP  in  transfected  cells  localize 
high^  amounts  ofMMP-2  on  the  cell  membrane  than 
in  iK>n-transfected  cdls.  Mend^rane-associated  MMP-2 
may  compete  with  Mhiff-9  fear  plasndn  erfherbecause  it 
is  in  excess  of  MMP-9  or  b^use  MTl-MMP-bound 
MMP-2  is  activated  by  plasmin  more  effidentiy  than 
MMP-9  (e.g.,  MMP-2mayhespatiailyclosa:thanMMP- 
9  to  cell  surface-associat^  plasmin). 

MTl-MMP  has  been  proposed  to  be  a  ‘Rheological 
activator”  of  proMMP-2.  However,  pioMMP-2  activa¬ 
tion  by  MTl-MMP  occurs.only  in  c^  that  overexpress 
MTl-MMP  following  transfection  or  treatment  with 
PMA  or  Con  A,  reagents  that  also  npregulate  other 
proteinases  in  many  ^  t3q)es  (Overall  and  Seki^  1990; 
Stremgin  et  aL,  1993;  Atkinsoiiet  aL,  1995;  Lohi  etaL, 

1996) .  In  addition,  althou^  MTl-MMP  is  ej^ressed  by 
a  variety  of  cell  types,  only  some  express  active  MMP-2 
(Lohi  and  Keski-C^  1995;  Yu  et  al,  1995;  Theret  et  aL, 

1997) .  These  finding  raise  important  questions  as  to 
the  quantitative  and  qualitative  requirements  for  MTl- 
MMP-mediated  activation  ai  proMMP-2:  is  upr^nla- 
tion  of  MTl-MMP  required  forproMMP-2  activaticn  or 
are  other  factors  involved?  In  a  variety  of  tumors,  MTl- 
MMP  expression  has  been  correlated  with  the  presence 
of  active  MMP-2  (Tokuraku  et  al.,  1995;  Yamamoto 
et  aL,  1996).  However,  all  these  studies  have  not 
quantitated  MTl-MMP  relative,  for  example,  to  normal 
tissues;  in  addition,  they  have  not  considered  the 
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possible  concomitant  presence  of  other  factors  impli¬ 
cated  in  MMP-2  activation,  including  plasminogen 
activators  (PA)  and/or  other  MMPs.  Whereas  increased 
e35)rfemoh  of  hfTl-MMP  may  represent  one  mechanism 
for  MMP-2  activation,  our  findings  show  that  imder 
conditious  in  whidb  MTl-MMP  is  not  upregulated 
plasmin  can  activate  proMMP-2  by  acting  in  concert 
with  MTl-MMP.  A  consistent  bo^  of  experimental 
evidence  has  diown  the  role  of  the  cell  surface  in  the 
regulation  of  the  protedytic  cascade  involved  in  tissue 
remodeling  (Mignatti  and  Rifkin,  1993,  2000).  Both 
MMP-2  and  -9  are  located  to  the  cell  surface  (Strongin 
et  at,  1993;  Mazzieri  et  al.,  1997;  Olson  et  al.,  1998). 
Binding  of  uPA  to  its  ceil  mendirane  receptor  (uPAR) 
strongfy  accelerates  proMMP-2  and  -9  activation;  plas- 
min(ogen)  binding  to  the  cell  surface  is  also  required 
for  gektinase  activation  (Mazzieri  et  al.,  1997).  Mem¬ 
brane  vesicles  shed  by  HT-1080  cells  possess  surface- 
bound  uPA  and  MMPs;  vesicle-associated  gelatinases 
are  also  activated  by  plasmin  (Ginestra  et  at,  1997; 
Taraboletti  et  al.,  2002).  Thus,  components  of  the  PA- 
plasmin  ^tem  represent  an  alternative  mechanism  for 
the  ceD-surface  activation  of  proMMP-2  under  condi¬ 
tions  in  which  MTl-MMP  is  not  upregulatai. 

Several  serine  proteinases— -thrombin  and  neutrophil 
elastase,  cath^in  G,  and  proteinase-3-cooperate  ^h 
MTl-MMP  to  activate  proMMP-2  (Zucker  et  ah,  1995; 
(Jahs  et  aL,  1997;  Lafleur  et  aL,  2001;  Shamamian  et  aL, 
2001).  The  data  presented  here  show  that  jdasmin  can 
also  activate  proMMP-2  by  interacting  with  MTl-MMP. 
The  cell  surface  binding  of  all  components  of  the  PA- 
plasmin-MMP  cascade  has  two  mj^r  implications:  the 
juxtaposition  d  all  the  reactants  accelerates  molecular 
interactions  and  protects  molecular  species  &om  uncon¬ 
trolled  proteolytic  d^radation.  PAs  are  expressed  by 
many  cw  types,  including  those  that  produce  MMP'2 
and  MTl-M^.  In  addition,  in  tissues  virtually  all 
components  of  the  proteofytic  cascade  can  be  produced 
by  (Merent  ceD  tyj^.  Relatively  high  concentrations  rf' 
plasmin(^n  are  present  in  ah  tissues  (Robbins  and 
Summaria,  1976).  The  production  of  small  amounts  of 
PAs  affords  the  generation  of  hi^  local  concentrations 
of  plasmin.  Thus,  in  vivo,  the  expression  of  low  levels 
of  MTl-MMP  insufficient  to  activate  proMMP-2  dir- 
ectfy  msy  afford  gelatinase  activation  by  provicBng 
a  cell  membrane  binding  site  that  permits  limited 
cleavage  oi  proMMP-2  by  plasmin  and/or  possibly  other 
proteinases. 
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